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Summary
The work reported in this thesis was carried out in the School of Engineering Science,
University of Warwick, between October 1984 and October 1987.
Chapter 1 contains a review of recent developments in instrumentation that require both
manipulation and measurement over the range 0.1-100nm. The instruments considered are the
Scanning Tunnelling Microscope (STM), Stylus techniques, X-ray interferometry and x-ray
microscopy. The rest of the thesis presents the design and assessment of a novel STM incorporat-
ing an X-ray interferometer, an ultra-high precision stylus measuring instrument and an x-ray
microscope two axis specimen translation stage.
Chapters 2 and 3 present an assessment of different mechanisms for the production of rectil-
inear motions having parasitic errors of better than mm. Theoretical and experimental investiga-
tions into monolithic parallel spring systems based on a notch type hinge and long range slide-
ways based on a polymeric bearing sliding on a polished glass prism are presented. Optimisation
of a soleniod magnet force transducer is presented as a drive technique for the former device,
whilst a mechanically non-influencing feedscrew drive is described for the latter system.
A stylus based measuring instrument, called "Nanosurf 2", that incorporates the polymeric
slideway is presented in chapter 4. The performance of this system has been assessed and the
results are presented in the following chapter.
The linearity and accuracy of an electromagnetically driven, single crystal silicon, monol-
ithic spring make it a suitable for use as the translation mechanism in a Scanning Tunnelling
Microscope. Consequently, a three-axis spring has been constructed to generate the translations
required for imaging. An X-ray interferometer is built into the probe axis to facilitate absolute
calibration. This work is preceeded by an investigation into the generation of complex shapes in
this brittle material.
Finally, the current status of this work is reported with the presentation of initial experimen-
tal results.
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Chapter 1: Instrument systems and mechanisms in Nanotechnology
1.1 Introduction
The object of this thesis is to present the results of a three year period of study during which
investigations were carried out into a number of different systems involving measurements in the
nanometer region. All of the systems considered have been designed for metrological purposes,
although it will be shown later that there are many other applications. The instruments presented
all operate on similar metrological principles. That is, a transducer is positioned at a point on the
surface under investigation. The specimen is then traversed along a reference plane and subse-
quent variations in output are monitored. In all cases, for optimum results, the specimen must be
moved in a plane considerably better than the transducer resolution. To achieve this for ultra-high
resolution transducers, elastic design techniques have been employed and are covered in chapter
2. The systems that have been examined to a greater or lesser degree are
1. X-ray microscopy
2. Stylus techniques
3. Combined Scanning Tunnelling Microscopy (STM) and X-ray interferometry.
These are listed in order of increasing importance to this thesis. The object of this chapter
is to introduce some of the fundamental principles and give the reader a rough idea of the practi-
cal realisation of these instruments.
1.2 X-ray microscopy
The x-ray microscope presently being produced at the National Physical Laboratory has a
number of similarities to the more conventional scanning electron microscope only in this
instance it is the specimen that is scanned. The object is illuminated and then enlarged by a
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focusing system onto an image plane. This is an x-ray image as opposed to a photograph that has
been enlarged using optical or other techniques. Because of the low unit decrement of x-rays, the
focal distance of a conventional transmission lens becomes impractically large and reflection
techniques must be employed. This lens consists of a hollow cone having an on-axis profile of an
ellipse followed by a hyperbola. This is commonly known as a Wolter type 1 microscope. The
focused beam passes through the specimen and is monitored by a scintillation counter. The
specimen is then raster scanned to form an x-ray image. Because of the small wavelength of x-
rays (0.1-30nm), the optic will require nanometer and subnanometer dimensional accuracy, sta-
bility and surface finish, (Franks, 1977). This is being manufactured in the nanotechnology unit
of the National Physical Laboratory using high precision lapping and polishing techniques. The
design of the specimen scanning stage will be presented in chapter 6. Displacement is obtained by
deflection of an elastic spring using an electromagnetic force transducer. All of this must be
housed in a vacuum system to reduce atmospheric absorption.
The advantages of an x-ray microscope system are summarised by Franks, 1977,
"the three factors which make x-ray microscopy an attractive technique are the resolution,
which is potentially higher than the optical microscope, the ability to examine internal
structure of materials which appear opaque in both optical and electron microscopes and the
ability to provide an analysis of the elements present in the specimen.."
A general schematic diagram of the x-ray microscope system is shown in figure 1.1.
13 Stylus techniques
Stylus techniques were developed during the 1940 war as a means of quality control,
(Whitehouse, 1974). This is a follower surface measurement technique whereby a diamond
point, or stylus, is contacted and then drawn across the surface under examination. The motion of
this stylus relative to a fixed reference is then used as a quantitative measurement of the surface
finish and profile of the specimen. The stylus motion is usually detected by an inductive trans-
ducer, although laser pick-up, piezo-electric and capacitance methods are being employed in
some of the modem systems, (Garratt, 1979).
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The wavelength characteristics of the complete system will be a function of tip geometry,
reference accuracy and stability, electronic high and low pass filters, tip surface interactions and
the stylus dynamics. In a majority of applications the local surface "roughness" is the only
parameter that is required. This is because roughness values are related to contact conditions
between two surfaces and thus wear rates, running-in times etc, Greenwood and Williamson,
1966. This roughness profile will also permits the calculation of many other performance related
diagnostics as well as information about the processes or mechanisms that create the surface,
(Thomas, 1975, Whitehouse, 1985).
The high frequency filter characteristic due to stylus tip geometry is unavoidable although
resolution can be enhanced by using expensive and delicate fine tip radius diamonds, (Radhalc-
rishnan, 1970). The high frequency characteristic may also be reduced by a tendency to shear
local sharp asperities. Scanning electron micrographs of ploughing tracks under high loads
(200mg) are shown in the paper of Guerrero and Black, 1972. The load range usually employed
during stylus measurements is in the range 4-100mg and it will be shown in chapter 7 that the
pressures produced by a standard Vickers indentation hardness test will induce significant surface
damage at loads of a few grammes for hard, brittle materials such as glass and Si. The limitation
of lower wavelength capability is governed by the reference accuracy and stability. Stability is
over both the sampling time and the instrument's expected life span if accuracy is to be assessed.
The sampling time is a function of the stylus dynamics and these are usually relatively slow to
avoid the high stiffnesses required to improve response times. An easier way of obtaining stable
performance is to make use of the modern high stability materials such as Zerodur and Invar.
These materials were thus used to create a stylus measurement system capable of assessing sur-
face finish and profile of the x-ray optics mentioned in the preceding section (vertical resolution
=-2nm over 50mm and a sampling time of 20mins). The design and characterisation of this instru-
ment, known as Nanosurf 2, will be presented in chapters 4 and 5.
Using a mapping technique developed by M. Stedman, 1987, the performance of a instru-
ment can be represented by mapping its measurement limitations. This results in a closed curve
that is bounded by its vertical and horizontal range and resolution, horizontal reference datum
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and, in the case of contact/near contact measuring instruments, the probe geometry. Such a map
representing a number of stylus instruments including Nanosurf 2 has been reproduced in figure
1.2.
The reasons for using a stylus instrument are that it is purely mechanical and not susceptible
to changes in optical or electronic surface properties, the output is in the form of a voltage pro-
portional to the surface variations and is thus amenable to signal processing/ computerisation and
the mechanical tip-surface interface will evict soft contaminating layers that have little influence
on contact mechanisms.
1.4 The x-ray interferometer
X-ray interferometry is a technique capable of monitoring displacements of up to 0.2mm
with an accuracy greater than lOpm, Hart, 1968, Bowen et al, 1985, Becker and Seyfried, 1987.
This instrument can be considered as a moire fringe displacement transducer with the grating
being in the form of the lattice planes of a high purity single crystal. A schematic diagram of an
x-ray interferometer system is shown in figure 1.3 reproduced from the paper of Bonse and Hart,
1965, where this technique was initially presented. The instrument comprises three equidistant
Bragg reflecting wafers with the lattice planes parallel to within =lnrad. X-rays are diffracted
through the beam splitter (S) emerging as a double beam at the appropriate Bragg angle. These
two beams then pass through the mirror (M) whereby they recombine within the analyser crystal
(A). This sets up a standing wave having spatial periodicity equal to the reflection plane spacing
(commonly denoted as the scalar dhd ). If perfect alignment and rectilinear motion of the analyser
relative to the splitter and mirror can be obtained, then a motion of dhki will result in a variation in
intensity of the output beams (R and T) corresponding to one moir'e fringe. This is totally
independent of the x-ray wavelength. The lattice spacing of the cubic silicon crystal is given by
the equation
a dhki
Nih2+k2+12
Where a is the lattice constant. It is possible to measure this value by external monitoring
of the analyser displacement. Using a He-Ne laser measurement system Becker et al, 1981, 1982,
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have determined this value to be 543102.018±0.034fm. Thus for a [220] reflection the lattice spac-
ing is 0.1920171nm.
Having established the validity of the interferometer principle Hart, 1968, suggested its use
as a ruler having sub angstrom resolution. His interferometer was a monolithic single crystal
structure with an in-built linear spring mechanism to enable the displacement of the analyser
blade. Attached to this was a weaker spring that could be deflected by a micrometer to provide
the required driving force. The ratio of the spring stiffnesses was 10 5:1 giving an output displace-
ment of 0.2nm for a micrometer motion of akun. Shortly after this Deslattes, 1969, produced an
interferometer comprising two separated crystals mounted on a brass linear spring system. The
design aspects of some linear springs will be examined in more detail in chapter 2. In this system
the analyser is driven by a micrometer through a reduction lever having a displacement ratio of
1000:1. Fringe contrast was maintained for displacements of up to 20iim. A similar system was
developed by Nakayama et al, 1981, with a piezo-electric drive replacing the micrometer. This
could obtain displacements of 100gm with fringe contrasts variations again implying parasitic
rotations of less than 10-8rad in the critical axis. Using this system Deslattes could determine the
value of Avagadro's constant to within 1.05ppm (NA .0220943x1023m01-').
Since this early work, a number of interferometer systems have been developed based on
both the monolithic and the two crystal systems. In all of these systems the analyser displace-
ment is carried out by a Jones type rectilinear spring, Jones, 1951. This is obviously a useful tech-
nique but is likely to be rather limited by the parasitic errors incurred by large distortions. Using
these spring systems a piezo electrically driven displacement of 200pun has been reported with a
two crystal system, Becker, 1987. To avoid some of the problems associated with the thermal
characteristics of the spring materials, Alemanni et al, 1986, have constructed in linear spring
from the ultra low expansion glass ceramic Zerodur. Again using a piezo electric drive, fringe
contrast could be maintained for a displacement of 50}un. In all of these two crystal systems, ela-
borate and sensitive tilt mechanisms were necessary to obtain the required alignment between the
analyser and the two other blades. This problem can be reduced or even eliminated by producing
the whole interferometer from a single crystal monolith. This has been pursued by Chetwynd et
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al, 1983, for the calibration of microdisplacement transducers. In this system the analyser linear
spring is driven by an electromagnetic force transducer. This drive system provides accurate
linear displacements of up to 20nm with a resolution and accuracy of better than lOpm, Bowen et
al, 1985. Hysteresis could not be detected and the accuracy was limited by the electronics rather
than the mechanical system. This transducer will be examined in more detail in chapter 2.
From the above discussion it is clear that x-ray interferometer techniques are capable of
achieving displacements of up to 200gm or more with an accuracy of better than 1 part in 106.
Also it is found that for small displacements, the electromagnetically driven single crystal linear
spring system can operate in open loop fashion to create accurate displacements with a resolution
that is probably better than lOpm
1.5 The scanning tunnelling microscope
The scanning tunnelling microscope is a follower type of instrument possessing a number
of similarities to stylus techniques. A probe is positioned in close proximity to the surface under
investigation. This usually consists of a tungsten wire electrode possessing a very fine point at
the end near to the surface. A voltage (V) is applied across the gap and the resistance (R) is then
used as a monitor of the tip to surface distance (hereafter called the emitter spacing s). For large
separation distances, the current across this gap can be described by the Fowler-Nordheim theory
and in simplified form can be expressed by the equation, Fowler and Nordheim, 1928, Young,
1966,
J =(1.54x10-6F140e (-6-83x I °N1'41KY DIF (A I cm 2)	 (1.2)
Where F is the field strength (V/cm), J is the current density, w is the work function and
is a slowly varying function of itt. Assuming that the field (voltage) at the emitter varies inversely
as the 3/2 power of emitter separation and that voltages can be measured to 1 part in 10 5, then the
least detectable displacement WO is given by, Young, 1966,
Az° =24 z 0 I ro) 1/2-1]x10-5	(1.3)
Where ro and zo are the emitter radius and nominal emitter spacing respectively, see figure 1.4.
From this equation it can be seen that the resolution increases with a decrease in the emitter
A =(4rci3As/h )(2m )1/2
Jo — 	 e27ch (pAs )2
s
— 1
1 4 f--- -- ix If ( z )dz
(1.5a)
(1.5b)
(1.5c)
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spacing to create a psuedo self magnifying magnifying glass.
This principle was then developed into a surface profile measuring instrument that was
called a "Topografiner", Young, Ward and Scire, 1972. In this system a tungsten probe is
mounted on piezo-electric translation stages that are capable of positioning in the three cartesian
axes. The specimen is moved into close proximity to the probe using a differential micrometer.
To reduce electronic and mechanical noise, the whole system is then put into an ultra-high
vacuum (10- 1°Torr). Feeding a constant current across the emitter spacing, the probe could then
be scanned in the X-Y plane. The spacing and thus the voltage variations are then used to servo
the z-axis piezo to maintain a constant separation. This results in a faithful follower where the
product of the piezo electric constant and the applied voltage are a quantitative measure of sur-
face profile. Using this instrument, surface Profiles could be mapped with vertical and horizontal
resolutions of 3 and 400run respectively. Typical values for the emitter spacing, voltage and
current are 15nm, 50-60v and 10-7A.
If the emitter spacing is reduced still further (<2nm), a quantum mechanical effect known as
"tunnelling" will become the predominant conduction mechanism. In the Fowler-Nordheim elec-
tric emission region, the potential barrier is lowered by the large applied voltages. Tunnelling is
influenced by the number of electronic states on the positive electrode and thus the current den-
_
sity becomes a linear function of the applied voltage for a fixed separation. A solution of
Schrodinger's equation to yield the current density of electrons tunnelling through a thin insulat-
ing layer between two electrodes was first proposed by Holm, 1951, with a complete solution
given by Simmons, 1963. The current density can be obtained by the general expression
J =Jo[we (—A1109—(11+eV )e (—A (i+eV))]
	 (1.4)
Where	
-
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Where
m= mass of electron
e= charge of electron
h= Planck's constant
w= work function of metal electrode
Wo = height of rectangular barrier
An energy diagram for two electrodes separated by an insulating gap is shown in figure 1.5.
Equation (1.4) can be visualised as the net current flow due to the flow of electrons from left to
right and vice versa the magnitude of which is given by the left and right hand components of the
equation. The value for the average barrier height will be altered by the image force. The shape
of this image force reduced barrier is difficult to predict and will result in large errors in work
function calculations under certain conditions. It has been shown that the error in the measured
work function due to an assumption of a constant rectangular bather can be greater than 300% for
small emitter spacings (<0.3nm) and tip radii, Binnig, 1984. At larger separations corresponding
to that which would normally be used for imaging (=lnm) the barrier potential approaches that
predicted by classical image potential theories, Willis et al, 1985. In the paper of Bilmig, 1984, it
is pointed out that	 _
".. the logarithmic derivative of the tunnel current is nearly independent of the electrode
separation, and is determined by the barrier height at large distances. This is an important
result for application of STM to surface chemistry because aid/as is a direct measure of the
work function..."
This also implies the metrological property that the sensitivity of the logarithm of the
current to the emitter spacing remains relatively constant. Thus in most practical systems the
current passes through a logarithmic amplifier. From the above equation it can be seen that a
1v/decade amplifier will give a sensitivity of 10v/nm. Thus the use of the rectangular bather
model can yield close approximations to the work function. The current density for a rectangular
barrier and low applied voltage is given by, Simmons, 1963,
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J=[ 3 (2m Vo ) 1/2/2s ](e lh )21/ C H4I t i 1 h)(2n1w •)*)	 (1.6)
Inserting values for the constants yields the equation
1.3.16x101G4r,16(vm,․ )e-1•°25& e)	 (1.7)
_
where s is measured in angstrom units. This expression is found to predict the current-voltage
characteristic of the tunnelling probe and thus a relationship can be assumed of the form
I =constant XVe (-1154M	 (1.8)
where 0I) is the average work function of the two electrodes. Typically the current is in the region
of a few nanoamperes with the voltage measured in the region of a few tens of millivolts. Dif-
ferentiating equation (1.8) with respect to the emitter spacing gives
Dint I
—gT / =—A ci)vi
iv
In the constant current mode errors in the predictions are often incurred due to non-linearities
introduced by field emission at large separation and the lowering of the barrier close to the Fermi
level at small separations, Willis et al, 1985. In Young's paper, the onset of this phenomena was
clearly observed at separations of =2nm. This was the first observation of direct metal-vacuum-
metal tunnelling although tunnelling through aluminium oxide films of known thickness had been
previously measured, Fischer and Giaver, 1961. Since then the tunnelling characteristics of a
lead probe approaching a lead surface at a rate 0.2nm/hr has been investigated by Thompson and
_
Hanrahan, 1976. This was achieved by a thermal drive in which the components in the measure-
ment loop of the apparatus were designed for a mismatch in thermal expansion coefficients. Con-
sequently, heating or cooling the instrument resulted in a change in the electrode spacing.
Although the tunnelling phenomena could be observed, mechanical and electronic noise and sta-
bility precluded the use of the Topografiner in the tunnelling mode.
Ten years later a working system Was presented by Binnig and his co-workers, (Billing et al,
1982). This system consisted of a piezo-electric z-axis displacement stage and a piezo-electric
"louse" for coarse positioning. The tungsten probe being driven by the louse with the platinum
specimen translated in the z-axis. The louse is a piezo electric plate that has three feet. These feet
can be electrostatically clamped or unclamped to a reference surface. Using a sequence of clamp-
(1.9)
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ing and unclamping these whilst simultaneously expanding and contracting the plate, it is possi-
ble to obtain a virtually unlimited motion with a resolution of approximately 10nm, Binnig and
Rohrer, 1982, Mamin et al, 1985. Electronic noise was reduced by improving the hardware and
isolating the instrument in a high vacuum. Mechanical vibration susceptibility has been reduced
by increasing the stiffness of the components and by magnetic levitation of the instrument on
superconducting coils. This whole instrument is in turn mounted on a system of elaborate sprung
isolation devices.
Having obtained probe separation stabilities in the region of tens of picometers per minute,
a second system was constructed along similar principles whereby the probe could be translated
in the three axes using perpendicular piezo stacks. It was also found that vibration isolation could
be adequately obtained using metal springs with a viton spacer at each end to filter out high fre-
quency elastic waves. In some systems eddy current damping has been added. This formed the
basis of a complete imaging system that has been adopted by all subsequent STM's. The louse is
also widely used although a number of systems have been developed utilising either a feedscrew
or feedscrew and lever, see for example Coombs and Pethica, 1985, van der Walle et al, 1985,
Drake et al, 1986, Gerber et al, 1986, Smith and Binnig, 1986).
Over the five year period since the first presentation of the working system there has been
_
considerable development in both the design and application of this instrument. This has also pro-
vided a greater understanding of the tunnelling mechanism as well as direct verification of a
number of physical principles. In the following paragraphs, some of the developments will be
outlined in a rough chronological order. The theories pertaining to this. technique are outside the
scope of this text. However, detailed analyses on the theory of STM can be found in the papers
of, Feuchtwang et al, 1983, Garcia et al, 1983, Tersoff and Hamann, 1985, Bruinsma and Bak,
1986.
In early 1982, Binnig et al, presented the first topographical maps of both CaIrSna and
Au (110) surfaces. In these images, monoatomic steps could be clearly resolved. It was also pro-
posed that resonant tunnelling could be examined using this technique. Later on in this same year,
a topograph of the 7x7 reconstruction on Si(111) clearly showing individual atom sites over two
complete rhombohedral unit cells was presented also by Binnig and Rohrer. The next year, 1983,
saw some further work by Binnig and his coworkers in which examination of these surfaces
helped to clarify the theoretical models of this reconstruction. It was also shown that work func-
tion variations and thus the presence of different constituents on a surface can be detected and
located. The original microscope was then modified for use at liquid helium temperatures, Elrod
et al, 1984. Copper blocks used for eddy current damping became too conductive at these tem-
peratures causing high coupling and were thus over damped. These had to be replaced by a suit-
able aluminium alloy. Additional isolation had to be mechanically introduced during cooling.
Also, because the piezo electric coefficient is reduced at this temperature the louse was found to
be unreliable and was replaced by an electromagnetically driven micropositioner. This is
described in the paper of Smith and Elrod, 1985. Using this method the superconducting gap in
Nb 3Sn could be studied.
The following year, 1985, saw a marked increase in the number of publications outlining
design and applications for this technique. Sonnenfeld et al, 1985, using an electromagnetic
squeezer developed by Moreland and Hansma, 1983, were able to observe a tunnelling current
between silver and silicon in atmospheric air. The ability to use air as the insulating barrier is
-
confirmed in the paper of Garcia et al, 1985. In this work the STM has been used, in air, to meas-
ure the surface roughness of metrological gauge blocks. A calculation of the number of molecules
in the operating volume yields a value of =10-2 which means that it should work as if it is in a
vacuum anyway. The noise introduced by molecules hitting the probe will introduce noise. How-
ever this was found to happen at a rate of =10 10/s and was outside the bandwidth of the instrument
and thus did not effect performance. In May of that year, Baro et al, 1985, reported the tunneling
of electrons through biological specimens mounted on a conducting surfaces. In this paper they
shown an image of a virus taken under 0.1% glycerol. It was found that noise conditions in air or
fluids was not significantly greater than that found in ultra high vacuum.
If the voltage is raised above the work function then the classical turning point occurs at a
position midway between the two electrodes. Beyond this point, the field emission current sets up
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a standing wave that that will be manifest as oscillations in current with either gap distance or
bias voltage. These are caused by
"..interference between incident and reflected electrons in the positive kinetic energy of the
electron gap.."
Although these oscillations could be detected by Binnig, 1982, these waves have been gen-
erated, measured and compared with the predictions of Schrodingers equation by Becker et al,
1985. This implies the possibility of using this gap distance interferometrically. It is also pointed
out by Binnig et al, 1985, that small changes in conductivity will occur in the presence of surface
adsorbates. The implications of this are that if a stability of greater than 0.00 mm can be achieved
then the STM can be used as a spectroscopic tool to identify and study these adsorbates.
As the tunneling probe is moved into close proximity to the surface, there is a possibility
that the tip will contact an insulating particle or even an oxide layer. The probe will then be
driven further towards the surface causing the two surfaces to distort. This will continue until
either another probe asperity comes within tunnelling distance or the oxide layer is sufficiently
penetrated. In this instance the probe surface separation will be related to the elastic properties of
the material and scanning will be unreliable because it is no longer a non contacting process.
This model proposed by Coombs and Pethica, 1985, has been shown to be a possible explanation
of anomalous barrier heights (this may also be causedby the image forces, Willis et al, 1985) and
curiously high surface slopes, implying asperities ten atoms high and monoatomic ally wide.
Increases in stiffness and stability of new designs meant that they had become less sensitive
to external vibrations. Thus systems were found to operate satisfactorily with viton spacers as iso-
lation, Gerber et al, 1986, and then to a system with virtually no isolation at all, Smith and Bin-
fig, 1986.
In this year, Binnig et al, 1986, introduced the idea of the Atomic Force Microscope (AFM).
In this system, a tip, mounted onto a thin cantilever beam, is brought into close proximity to the
surface under examination. At small separations there will be an attraction caused by van der
Waals forces that will tend to deflect the beam. This has previously been measured directly by
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Tabor, 1969. The deflection of this beam is then monitored with a tunneling probe. In the initial
system forces as low as 10-1°N could be detected. The surface is then scanned under the tip and
the beam deflection and thus tip surface force kept constant by servo control in the z-axis. The
advantage of this system is that insulating materials can be examined whilst the preliminary
results indicate that similar resolution to STM is achievable whilst operating in air. This was at
the time approximately mm and 0.15nm horizontal and vertical resolution with a drift rate of less
than 0.4nm/min and a response time down to 0.3ms, van de Walle, 1985.
Scan lengths for these topographs is normally in the region of a few hundreds of nanome-
ters. In the examination of optical surfaces, Dragoset et al, 1986, obtained a scan area of greater
than 5j.tm 2. To obtain these traverses, corrections had to be applied for non-linearities in the piezo
translation devices.
The production of probe tips is a rather ill defined process. Techniques include cutting a
tungsten wire with engineers snips, grinding and electrochemical etching. The mechanical
processes give a rough point with a high density of asperities. These operate on the assumption
that there will be one asperity higher than the rest that will operate as the probe. This does seem
to be successful but raises the question as to whether the same asperity is in operation if rough
surfaces are being studied. Electrochemically etching these rods in a 1N KOH solution can yield
a smoother point having radius of lm or less,-Dragoset et al, 1986. This is more likely to have a
single high asperity although little attention has been given to the form of the probe tips. How-
ever, Kuk and Silverman, 1986, found that tip structure could be examined in situ using Field Ion
Microscopy (FIM) techniques. This technique can also be used to produce tips of known struc-
ture. Using this method of assessment it has been shown that for high resolution, tips having
atomic asperities must be used and that the tip structure remains unaltered by the scanning pro-
cess. Common to the previous probe production processes is the need to clean the surface to
remove any oxide layers. This usually passing a high (gA) current across the gap. It is also shown
that this process can radically alter the tip characteristic resulting in a change in the probe resolu-
tion. However the use of ion beam milling for the removal of oxide layers has been found to reli-
ably produce usable probes with no apparent loss in resolution and possibly a slight enhancement,
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Biegelsen et al, 1987.
It has recently been shown that probes can be used to mechanically work the surface under
examination. A specimen having a thin (=20nm) oxide layer over a conducting substratehas been
examined with an STM. The probe is pushed through the oxide layer until a tunneling current is
detected. Then it is traversed across the specimen whilst a tunneling current is maintained and
thus ploughing through the oxide layer. This was found to produce a track 7=20nrn wide, McCord
and Pease, 1987. On the other hand, Becker et al, 1987, found that by applying a high voltage
across the barrier of a W-Ge barrier it is possible to pick up a single atom on the end of the probe.
This could then be moved to a different position and redeposited by a reversal of this potential.
A number of other recent investigations using the STM has been; an examination of the
granular structure of Nd-Fe-B permanent magnet materials, Corb et al, 1987, imaging of sem-
iconductors under aqueous environments, Sonnenfeld et al, 1987, and a topographical map of
photoconductive semi insulating GaAs whilst being illuminated by both a 150W halogen lamp
and a 5mW HeNe laser, van de Walle et al, 1987.
A coarse positioning stage has been devised whereby the specimen table is mounted on an
oscillating stage that can be driven by a piezo electric translator. The oscillation consists of a
sharp pulse followed by a slow reverse traverse. If the wave form is correct then due to inertial
forces, the table will slip in the one direction only, Pohl, 1987. Steps of 0.2-0.041.un have been
achieved with loads of up to lkg.
All of these achievements have not been without complication. In the paper of Dragoset et
al, 1986, motions of greater than a few hundred nanometers were found to introduce "substantial
non-linearities" that required "corrections" before images could be produced. This implies an
unreliable image and also a loss of accuracy. This poses possible problems in the calibration of
such devices. Calibration is usually performed by measuring a known step height or it is carried
out prior to experimentation. For a long traverse or if the z-axis piezo is extended during the scan
large errors may result.
An assessment of these translation devices by Drake et al, 1985, indicates that other sources
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of error may be present Using the STM they were able to obtain images in air, oil and liquid
nitrogen. Images having atomic resolution could only be obtained under liquid nitrogen condi-
tions. This is possibly due to the thermally stable, highly damped environmental conditions. The
thermal effects of this instrument will depend on both the thermal piezo-electric coefficient and
the thermal expansion and thermal capacitance mismatches throughout the measurement loop
(i.e. length of connection between specimen and probe tip). For a well controlled environment the
piezo-electric coefficient is going to be stable to a very slight fraction of a percent. The dynamic
thermal effects are difficult to assess whereas the static effect will be a measure of the thermal
mismatch around the loop. Drake assesses this to have a value of approximately 5x1Cr 6/k. For a
miniature system having a loop of 2cm (say) the thermal coefficient of approximately 100nm/k
could be expected. However, Drake could not not measure this quantity because of the overiding
effects of creep. This is measured as the change in the piezo-electric coefficient upon application
of a voltage over a given time. This phenomena has been recognised by a lot of workers in this
field and can cause a change in the piezo-electric coefficient by as much as 33% over a period of
15min or less. As with other creep mechanisms this effect diminishes with time but will increase
the uncertainty in calibration of these devices especially for long duration measurements.
Because of the linearity, accuracy and stability of the silicon single crystal monolithic x-ray
interferometer, it was decided to use this as a three dimensional translation stage for use as an
STM. This also provides an inherent calibration and real space feedback monitoring facility with
potential accuracy of lOpm or less. This is also a monolithic sructure with a thermal expansion
coefficient coincidently close to that of tungsten. Thus a mismatch coefficient of 10- 8/k may be
expected with the high conductivity of silicon providing enhanced insensitivity to dynamic ther-
mal variations. The main object of this thesis has been to design and manufacture such a system
with a view to utilising these favourable characteristics. The design, manufacture and testing of
this instrument are presented in chapters 2,6,7 & 8.
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Figure 1.1:Schematic diagram of x-ray microscope
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Chapter 2: An assessment of elastic design for use as a precision
reference motion
2. Introduction
Elastic flexure devices have been in use for possibly hundreds of years and were well esta-
blished in 1897 with the Emery Testing Machine, Gibbons (1935). Since then these techniques
have been used to advantage in a wide variety of precision instruments, such as; gravimeters,
tiltmeters, optical slit mechanisms and capacitance micrometry, (Jones 1952, 1962, 1967, 1968 &
1973), optical interferometry, Hill and Bruce (1961), x-ray interferometry, (Hart, 1968, Chetwynd
et al, 1983, Becker et al, 1987 and Alemanni et al, 1986), and the Marsh tensile testing machine,
(Marsh, 1961). These instruments are representative of a number of possible flexure device varia-
tions on which a good bibliography is given by Geary (1954, 1960) and Sydenham (1981, 1984).
The object of this chapter is to present information for the design and assessment of rectilinear
spring mechanisms such as those used in the design of the Scanning Tunneling Microscope
presented in chapter 5. Jones (1951), has shown that well designed spring systems may possess
parasitic errors not exceeding 21.im over displacements of lOmm or more. This implies a linearity
of better than 1 part in 5000. It has been shown in chapter 1 that this ratio can be greater for
smaller displacements.
Rectilinear spring systems are traditionally fabricated from individual components. This
inevitably gives rise to cumulative errors resulting from machining tolerances, thermal expansion
mismatch, mechanical interfaces, stress concentrations in the regions around fixtures and con-
struction inaccuracies, Jones (1950, 1956). If, however, the spring is machined from a single
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monolith, the above considerations become either non-existent or dependent upon machine tool
characteristics only. The repeatability and describability of modem CNC machine tools makes
them ideally suited for the manufacture of these mechanisms.
There are two distinct types of rectilinear spring. These are the notch type hinge and the leaf
spring, figure 2.1. Compliance of the notch type hinge is a result of the thin web that remains
after two holes have been drilled closely together. This configuration is often used for monolithic
devices because of the ease of manufacture. The leaf spring arrangement is self evident from
figure 2.1.
A consideration common to both of these devices is materials selection. This subject will be
discussed in the proceeding section, whereafter, each configuration will be considered in turn.
2.1. Materials selection
Table 2.1 is a review of the properties of some materials that may be important for use in
precision instrumentation. Selection of a material to be suitable for use as a monolithic spring
will be influenced by four main design considerations. These are:-
1. Response of system.
2. Stability of deflection.
-
_
3. Magnitude of elastic distortion.
4. Cost.
2.1.1. Response of system
This section is based on a previous study of material properties by Chetwynd (1987). The
upper velocity at which displacements of a spring mechanism can occur will be related to the
resonant frequency. If the structure is considered as a simple spring/mass system, then the funda-
mental frequency (co) will be governed by the relationship:-
wK4E73	 (2.1)
K is a function of the spring geometry and will be independent of the material that is used.
Thus, for the above equation, it can be seen that dynamic properties are enhanced by an increase
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in the ratio of elastic modulus (E) to density (p). From table 2.1, it can be seen that silicon is tbe
most suitable material followed by zerodur and fused quartz. Mild steel, Dural and Invar be a
ratio four or five times that of silicon and would be expected to have less than half the respogne
time.
A lower limit to the response of the spring system will be determined by thermal charac-
teristics of the material. If heat input to a material is conducted in the absence of any release
other than that due to the material's own heat capacity, then the unsteady diffusion equation is
given by:-
aT _ Kt 2 Kt p
--07---c-v-V T=T-TV2T=DV2T
where
T = temperature
t = time
Cp --. specific heat at constant pressure
Ci, = specific heat at constant volume
Kt = thermal conductivity
The value D is called "diffusivity" and can be considered as a measure of the response to a
thermal spike. A high diffusivity corresponds to an inability of the material to maintain a tem-
perature gradient for a protracted period of time. This implies two complementary material
characteristics. A material with a high diffusivity will settle to a steady state condition very
quickly, whereas a low diffusivity implies insensitivity to rapid thermâl fluctuations. A material
cannot have the best of both worlds. With reference to table 2.1, it can be seen that silicon has the
highest value of 9.71x1Cr5 with standard dural being of a less but similar value. The most ther-
mally insensitive are the glassy materials with invar being an intermediate between these two
extremes. The temperature change at a given time and distance away from a thermal input in a
particular solid will depend on the square root of its diffusivity. If a rod of material is subjected to
a temperature increase at one end, the magnitude of the temperature at the other end at a given
(2.2)
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time will be approximately ten times higher in silicon than in Zerodur for rods of the same length.
2.1.2. Stability of deflection
A spring system is deflected by applying a force to distort the compliant members. For open
loop control of such a system, the determination of displacement is dependent upon an accurate
knowledge of both the driving force and stiffness. Drive systems will be discussed in section 2.4.
It will be shown later in this chapter that the stiffness is linearly related to the elastic modulus (E)
of the material. This property will fluctuate with temperature and for small variations can be
represented by the thermal coefficient of elasticity (y t ). Clearly, it is an undesirable property and
should be minimized if at all possible. From table 2.1 it can be seen that Elinvar (or the
equivalent Nispan-C ) is the lowest of these values and with correct pretreatment can be zero
within a limited temperature band. The value of 100x1Cr 6 for Si is that measured along the cti
elastic tensor, McSkimin (1953). This implies errors of approximately 0.1%/k. For many metals
this value will be around 0.3-4%/k.
2.1.3. Magnitude of elastic distortion
The position of a point within a material is directly related to temperature by the expansion
coefficient (at ). Zerodur is a glass ceramic that has a temperature coefficient of the order 10-8
over a narrow temperature band rising to approximately five times this value over a bandwidth of
50k. This material will be discussed more fully in chapter 4. Fused quartz has a coefficient of
5.5x10-7 with Invar being approximately twice this value. Silicon and elinvar have coefficients
that are approximately twice the value of Invar. Dural has a relatively high expansion coefficient
that is an order of magnitude greater than that of silicon.
Hysteresis is a phenomena that is well known in metals and will lead to a cumulative errors
directly related to the stress and thus displacement. This effect is only apparent upon returning
the spring to a rest position. It may be avoided by operating the spring in a manner such that this
position is not approached. The high purity and crystallinity of silicon has been proven to leave it
with a mechanical hysteresis at levels of <10pm at room temperature, Siddons, 1978. This has the
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effect of doubling the range of the spring system.
The functional limitations to displacement magnitudes are governed by mechanical failure.
Hysteresis, yield and fatigue are related properties of ductile materials. Due to these phenomena,
the performance of ductile materials (mainly metals) will deteriorate with use. The brittle materi-
als, however, are more likely to either operate very well or not at all i.e. they break. Thus as long
as acceptable stress levels are not exceeded, the quality of performance will be maintained. The
strength of brittle materials has been shown to be governed by initial surface imperfections,
Griffiths (1920), Marsh (1963). These imperfections are usually introduced at the manufacturing
stage and will have a marked influence on the strength of a component. Lawn et al (1981), show
that the strength of silicon can be degraded by an order of magnitude after a sharp indenter has
been applied to its surface under a load of IN. It is possible to reduce this effect by removal of
the damaged surface using an appropriate etchant. Glass and glass ceramics suffer additional
strength degradation due to hydrogen embrittlement, Cuthrell (1979).
2.1.4. Cost.
The cost of a monolithic spring system is governed by the material and labour costs. The
cost of the standard glasses and metals considered in table 2.1 are relatively similar and are
insignificant in relation to labour. The cost, at present, of the more exotic materials climbs
steadily as Invar 0.1p/g=0.8p/cm 3, Zerodur 0.3p/g=0.76p/cm 3
 and silicon 25p/g=57.5p/cm3.
Costing for metal springs is standard engineering practice and will be dependent on time and
tooling. Brittle materials, however, require a lot of expertise and non-conventional tooling. The
author is not aware of any manufacturers or workshops with the capability to produce both accu-
rate and intricate shapes from these materials on a jobbing basis. Thus machining of glass and sil-
icon may still be considered a specialist - process. Finishing processes such as etching and polish-
ing must also be carried out if mechanically reliable devices are to be produced. The production
of springs from brittle materials can only be carried out as a labour intensive project requiring the
use of high speed diamond tooling.
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2.2. The notch type rectilinear spring
The simplest form of monolithic spring traverse, a plain parallelogram movement based on
a four bar kinematic chain, has the disadvantage of intrinsic parasitic motion perpendicular to the
traverse direction. Using two such motions in a compound design (see figure 2.2) will eliminate
this error.
The compound spring consists of two platforms, the primary (A) and the secondary (B),
supported on flexible legs (C,D,E and F). The primary platform is driven in the x-direction by the
appropriate technique. In the results presented in chapter 6 a feedscrew and wobble-pin drive was
used for initial experimentation of these devices with electromagnetic drives being utilized for
the more accurate applications, see section 2.4. A displacement of this platform will cause distor-
tion of the "necked hinges" of the platform support legs. Because the bending strength of these
hinges is considerably less than the rest of the structure, all other distortions are considered
insignificant. Assuming further, that all hinges have equal stiffness, the displacement ratio of pri-
mary to secondary platform relative to the base will clearly be 2:1. If this ratio is maintained then
it is reasonable to expect greater linearity than for the simple case. To ensure that this ratio
obtained a lever system can be applied between the two platforms, Jones, 1956. This is known as
"slaving", see figure 2.4. To test this hypothesis, simple, double and slaved compound monol-
-
ithic parallel springs were produced. The double compound spring is two simple compound
springs joined together about the x-axis in the z-plane, see figure 2.3. This design, based upon a
symmetrical stress distribution, utilizes elastic averaging to reduce the effect of machining errors
(in the length of any of the legs or in the stiffness of any of the webs) on the linearity of motion.
This principle can be indefinitely extended, by increasing the number of parallel platform support
legs above the minimum of two. The kinematic overconstraint of this will act to ensure a primary
secondary displacement ratio of 2. This overconstraint is acceptable as any errors in manufacture
will be compensated by elastic deformations provided that tolerances are within acceptible limits.
It is also expected that the symmetrical design will improve immunity to temperature gradients,
especially those along the axis of motion.
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The compliance of the necked hinge indicates that an analysis of its bending strength will
help to create some design rules for these devices. A closed form analysis of the stress distribu-
tion within a necked hinge is rather complicated, Ling, 1952, Paros, 1965. However, using the
finite element methods available on PAFEC 75 software, empirical stress/strain relationships
have been developed. The finite element mesh used in this analysis is shown in figure 2.5. By
analyzing a number of different geometries of hinge, a formula analogous to that for a simple
cantilever beam has been obtained. The angle (9) rotated by a particular hinge due to an applied
bending moment (M) can be represented by
0=2KMR
-77;---
Where:-
hz=ht3/12
t = thickness of web
h = depth of web
R = radius of holes for web
The value for the constant K has been determined by carrying out six analyses with values
of the ratio R It varying between 1 and 5. The angle of twist for a given bending moment has been
_
calculated using a linear elastic finite element analysis. Rearranging equation (2.3), values for the
constant K are obtained. This has been plotted in figure 2.6 against the radius/thickness ratio.
Using linear regression techniques the variation of the constant K with the radius/thickness ratio
has been matched to a hyperbolic equation of the form
y = a lx + b
The match has a corrected coefficient of determination of 0.9926. and a standard error of
..
0.01. From this analysis an approximate equation for the angular constant is given by
K=0.565 t7 +0• 166
	 (2.4)
For a given bending moment, the maximum stress (which occurs at the outside edge of the
thinnest part of the web ) is determined from the equation
(2.3)
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(2.5)6MKt
amax=t2ni
The stress concentration factor Kt can be found graphically (Peterson (1974)) or from the
approximation
Kr  2.7t +5.4R  +0.3258R -Ft
Use of equations (2.3) and (2.5) will determine the required drive force and the maximum
stress for a given displacement. Off axis loading of the platform will induce additional moments
about the necked hinge. In the case of a y-axis load, these moments will be additive and will
effectively increase the stiffness of the pair of support legs in tension and reduce the stiffness of
the pair of support legs under compression. This effect will alter the platform displacement ratio
and may also lead to catastrophic failure if extreme loads are encountered.
Thermal expansion does not effect the position of the primary platform if there is a uniform
temperature change or a y-plane gradient. This is because motion of the primary platform due to
expansion of the legs (C & D) will be compensated by an equal and opposite expansion of the
legs (E & F). This reasoning also applies to leaf type springs. Parasitic motion will occur, how-
ever, if unsteady temperature gradients exist in the x- or y-planes. From the materials selection
considerations, duralumin was chosen as the most suitable material for initial experiments into
these devices, see section 2.6.
Machining tolerances of spring elements other than the necked hinge require only sufficient
rigidity is maintained so as not to deflect significantly under the applied loads. From equation
(2.3) the stiffness of a compound spring is given by
Elx. zz
IC-?'TL
Where L= length of platform support legs
Inconsistent values of the second moment of area (hz) will introduce non-symmetrical
stresses within the structure, possibly resulting in inherent parasitic errors. In an elastic system
the platform displacement characteristics will remain linear, no matter how crude the machining.
However, the drive axis may no longer be colinear with platform motion. To ascertain changes in
(2.6)
(2.7)
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stiffness due to machining tolerance it is important to evaluate changes in the second moment of
area. Assuming the worst case of cross section tapering, as in figure 2.7, the second moment of
area is given by
1.=jy 2dA=A0 3+3t 2wh +4f Nth )2+2(wh )3)	 (2.8)
Where
w = angular machining error (Rad).
The second moment of area for a positioning error (5) becomes (figure 2.7b)
l- h (1 116)3u 	 (2.9)
The errors in stiffness are minimized by maximizing the thickness t and the effect of angular
errors is reduced by minimizing the web depth h. The effect of elastic averaging is as follows. If
the sum of stiffnesses of the hinges of legs E and F in figure 2.2 is equal to the sum of stiffnesses
of legs C and D then the motion remains linear even though the overall calculated stiffness may
be in error. If the double arrangement is used, then even this criterion for linear motion may be
relaxed provided that the webs do not buckle, and the linkage bars are very stiff in comparison to
the webs; the effect of web stiffness errors is only to alter the stress in the linkage bars. Angular
errors (w) will introduce a secondary moment M y at each web pivot. In most cases the effect of
these moments will again be to change the stresses in the linkage bars rather than to affect the
motion of the table, hence they effectively cancel.
Following the work of Jones, 1951, the z-axis angular pitch (e s ) due to positioning errors of
a web in the x- and y-axis on a simple parallel spring can be approximated by
Oz=8xx 2/2L 2b or x6/Lb	 (2.9)
where
b = web spacing
x = x-axis deflection of platform
By = y-axis machining error
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5. = x-axis machining error
The direction of motion of the primary platform will, in general, be the direction of least
stiffness. This will contain the lowest natural frequency and also the highest dynamic
amplification. To estimate the resonant frequencies of a compound rectilinear spring it is con-
venient to use the lumped model shown in figure 2.8. The two fundamental modes can be found
by solving the quadratic equation
4 24 -4A— + A] +2 7k} +4  At?I''Ai2 B —0	 (2.10)
MA = mass of platform A
MB = mass of platform B
This holds for the simple parallel spring if the mass of platform B is made equal to zero.
Inserting values for a compound spring used in assessment experiments, frequencies of 56 and
140Hz were calculated. Sand was then placed on this spring and low amplitude vibrations applied
to its support. The two lowest resonant frequencies observed were at 52 and 130Hz corresponding
to a 10% error that is near to the experimental accuracy.
Maxwell 1897, stated that one of the main assets of elastic mechanisms is that they are fric-
tion and wear free. An unfortunate side effect is a large dynamic amplification factor that will
--
	
_
render them particularly sensitive to mechanical vibrations transmitted from foundations or air-
borne sources. Most of the materials likely to be used will have low intrinsic damping. If possi-
ble, it is desirable to apply external damping mechanisms such as viscous, electro-magnetic or
interfacial energy dissipation. An increase in stiffness will attenuate disturbances but will also
limit the displacement range. This range is increased if the ratios RI: and material yield
stress/elastic modulus are increased.
23. Parametric equations governing the simple leaf type rectilinear spring
23.1. The equations of Plainevaux (1956)
This section outlines the mathematical analysis developed by Plainevaux, 1956, for the
characterization of the simple leaf type rectilinear spring. Upon deflection of the primary
El d--22X-+PX =M0 -F0
 YdY (2.11)
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platform, each spring member will deform in the manner shown in figure 2.9. The differential
equation of moments for this beam is given by
The coordinate Y is measured parallel to the axis of the undistorted leg and the deflection X
is perpendicular to Y and parallel to the applied force F. Using the dimensionless groups
	
Y.
	
2_ PL. 2 .	 2	 = MoL
	
y =r ;
	 , 
_
•+pr---E7-	 --Er m, 0 -Er
equation (2.11) becomes
d 2X +02x =1., ono	 )
The boundary conditions are
(2.12)
(2.13)
dX	 d7C _ dX@ y =0, X	 & @ X=5, - -317--w-tan0
aY
Solving equation (2.13) for the above boundary conditions gives the following equations
X - 	 (sin (213y )-213y )+ "1412L (1-cos (23y)
	 (sin (2(3)-213)+  4mil  sin (V)
we= 4 I0li (cos (213)-0+ °m sin (20)7
The change in height (Xi ) of the beam is given by (Plainevaux, 1956):-
(2.14a)
(2.14b)
(2.14c)
4L(1+(dX I dy )2)dy -L = -21z-1 1 (dX I dy ) 2dy	 (2.15)
Substitution of (2.14a) into (2.15) gives an expression for the determination of the change in
height of the platform, figure 2.9. Making the substitution a 1 =4(3/2/n2 equations (2.14) and (2.15)
can be expressed in dimensionless form and represented by the series:-
T,--F5— 1+ 420 +1-2-0-0	 10L
	 1+70L+71.2-ff • • •
8 tan 2.0	 117r2cci ea?	 8 ,_4 , 7r2a lea?	 }
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3 [ 8] 2{ 7c2a, Tea?	 1
	
+3" T 1+ 420 25200	 (2.16d)
If the load case is tension then al is replaced by —a1 . Ignoring the pitching terms in equa-
tions (2.16), it is convenient to use the following parametric equations for initial design purposes
FoL3 
1 2E/ (1)/ (a,)	 (2.17a)
Xi =T TX/ (a0=TRY ET IV, kan
3 52	 , L5 [ Fol 2 	 (2.17b)
(2.17c)
The functions '1), xif , X , t & ii are reproduced in figures 2.10 to 2.19. These are computed
from the series
T/ (a/ ) _ F„L6E18
M° =—E2— VE-5-4 --71—T1 (al
ctri (al )=1+ lc:4-4 4. 17167T48a?0 + 33107t6?240a
Nil (cco=i+ 177c2a/ +  3 1 n-400a8 ?  +  6196167E362/ . . .
20()-Vc ta1 
tr(al
iii (a, )=
n2cci ea?  ea? 
-6O- -PUT 756000
(2.18a)
(2.18b)
(2.18c)
(2.18d)
Plainevaux has shown that if the applied load is small then the optimum drive position is
mid way between the platform and base. However, it is often more convenient to apply the load
directly to the centroid of the platform. If the load on the platform (v) is perpendicular to the
_
drive direction, see figure 2.9b, then the pitching angle (0) can be approximated by the expression
3121
(2.19)
350
2.3.2. Axial deflection of a slender column under an axial load
This section presents an equation to enable the designer to calculate an approximate value
for the change in height (k) of a deformed slender column under an axial load (P) in terms of the
original length (L) and the deflection (8). The governing equation for a slender column is given
by, figure 2.20 :-
e=[
(2.20)
IL 
2
+
 57r28,2 1 5262 Lzir282+  257c484j 1/2256 (2.24)
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The boundary conditions from figure 2.20 are given by
y (0)=y '(0)=y '(s )=0 & y (s)= --8
Substituting these conditions into eqn 2.20 and solving for y gives
y= cos [	 —1}
	
(2.21)
Assuming that the length of the beam remains the same in its distorted condition as it would
undistorted under load, the distance s is given by the integral
L = 2-7 1 1 1+K25inq 1/2dii=-12r-i(1—K2)½E[ 1/441
Where
ri=nx Is
k=n8i2s «1
E= the elliptic function
neglecting terms of the order K 4, equation (2.22) becomes
L=s (1—K2)v2[—K2 	
2
--4(1—K2) I
Squaring equation (2.23) and solving for $ gives
(2.22)
(2.23)
From this equation, the change in height of the platform is given by
2w = L — s	 (2.25)
2.4. Drive techniques
Having designed a flexure, it is important to choose the correct drive for a specific applica-
tion. The common considerations for selection of an appropriate drive are range, resolution, tem-
perature stability, time stability, linearity and stiffness. This section will briefly review some of
the drive techniques that are relevant to this study.
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2.4.1. The hydraulic drive
Hydraulic drives are used because of the very high fluid pressures and thus stiffnesses that
can be achieved. These systems can have a very high power/weight ratio and are not limited to
short displacements. For a hydraulic cylinder used as a piston drive the resolution is limited by
leakage and in consistencies in the properties of material interfaces. However, using laser inter-
ferometric feedback, accuracies of greater than 0.21.im over a 100mm traverse have been
achieved, Ido et al, 1981. A system that effectively attenuates the range and enhances resolution
is the poisson pusher. Here the pressure is used to squeeze a steel cylinder perpendicular to the
direction of traverse, Hu and Chetwynd, 1987. This will introduce a strain in this direction. The
ratio of the two perpendicular stresses is related by piossons ratio (v). The stiffness of this system
is very high and displacement resolution is determined by the thickness of the steel (or other
material ) cylinder. The displacement range/resolution ratio is determined by the pressure
range/resolution. Thermoelasticity and expansion will limit the open loop fidelity of this device.
The cost of these systems can be prohibitively high and feedback is essential if high resolution is
to be achieved. Leakage may cause problems in high vacuum applications.
2.4.2. Feedscrew mechanisms
These are a widely used and relatively cheap technique for obtaining displacements of up to
lm or more. If a smooth continuous motion is required, this will prove to be adequate in the
majority of applications. Care must be exercised to avoid the pitch of the thread being superim-
posed in the motion of the driven platform. A non-rotating shank and decoupling between driver
and device are essential if this is to be achieved. The accuracy of drive will always be a function
of the pitch errors. This can be improved if a compliant nut is used, Stanley, 1968. Fine position-
ing can again be achieved by squeezing the threads perpendicular to the drive direction and utiliz-
ing the Poissons ratio effect. This has been used to obtain a fixed adjustment with a resolution of
0.1nm, Jones, 1967. If motions that include reversal of direction are required, backlash and
material interface problems will preclude these use at the nanometre level.
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2.4.3. The friction drive
The drive mechanism is simply a rod clamped between two rollers. Rotation of these
clamps will induce a displacement, the magnitude of which depends on the smallest obtainable
angular increment and the roller radius. This method is not restricted to short range displacements
and accuracies of better than all= are obtainable, Reeds (1985).
2.4.4. Piezo-electric transducers
If a voltage is applied to a crystalline material that has no centre of symmetry, then the
change in polarisation changes the dipole moment arm introducing a dimensional change. This
can be used to create a very stiff drive having displacements of up to 1001.un with resolution in the
region of 0.1nm or less, Scire, 1978. This appears to be limited by the electronics rather than the
piezo material itself. These devices have a high thermal expansion coefficient and creep is well
known as a major problem. Over a period of a few minutes this can be as large as 33%, Drake,
1986. This can be compounded by a tendency to bend. Precautions are often necessary with the
high electric fields that are required (100 - 2000v). Again it can be seen that, for absolute accura-
cies, feedback is necessary.
2.4.5. The electromagnetic drive
_
_
The electromagnetic drive is a force transmission transducer. This will consist of a magnet
centered along the axis of a coil. These are not in mechanical contact. A current applied to the
coil will induce a force on this magnet. If the magnet is attached to an elastic device, a displace-
ment will be produced that is linearly related to this force. For small displacements, the force, and
thus displacement, is linearly related to the current. Although not mechanically contacting, this
system will generate heat that can be transferred to the elastic member via convection and radia-
tion. The stiffness of this drive is governed by the stiffness of the elastic flexure being driven.
The range resolution ratio is limited by the electronics, but the magnitude of distortion should
remain significantly below the dimensions of the coil or nonlinearities will result. This system
combined with a single crystal silicon flexure has been used in x-ray interferometry for some time
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as a drive system. Its excellent precision and freedom from hysteresis at displacements <10pm ,
Siddons (1978), make it ideal for use as an STM probe. Thus design rules for the optimization of
coil parameters and calculation of the forces generated are presented in this next section.
2.5. The design of the electromagnetic force transducer
The magnet/coil system used in the following analysis is shown schematically in figure
2.21. The magnet (usually samarium/cobalt ) is attached to a flexure's primary platform and is
surrounded by a solenoid coil that is attached to a fixed datum. A current applied to this coil will
induce an axial field (H) given by the equation ( Montgomery, 1963, 1969)
H x (x 1 a 1)=11x (0){ F (cc, ,f3c +x 1 a 1 )+F (ac 'Pc —x la 01
2F (ac ,i3c)
Where F (ac ,13c) is the well known Fabry factor given by:-
F (ac ,pc ).13c inf  ac +(aZ+13)11+(1+13Z)1/2
and
n ?1/4, IF
 (a, .I3c) 
H.; (0)
— a 1213c (ac —1)
Where
n =number of turns on coil -
p=resistivity of winding material
a i.inside radius of coil
aoutside radius of coil
ac =a 2/a 1
1=length of coil
Pc =112ai
?=packing factor of coil
./. current (A)
(2.26)
(2.27)
(2.28)
(v—vs)
w=mdx  dx (2.30)
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To determine values of the field factor for points outside of the coil the principle of super-
position applies:-
aiaiac ,13,—-1= —F{ , --pc} for --->13.al
To relate the field along the central axis to force imparted on a magnet within that coil, it is
important to review some of the fundamental aspects of magnetism. A bar magnet can be con-
veniently modelled as a rod of material containing a discrete pole of strength m at each end. If
one of the poles is placed in a field of strength H (the field at the other pole being negligible) the
force on that pole is given by ( see Hadfield, 1962, Spreadbury, 1949)
F=Hm	 (2.29)
In the design being considered here, the axis of the pole-pair of the magnet is taken to lay
along the axis of the field. It is assumed that there is no radial field. This approximation is
justified because the radial variation is slow at the coil axis. Also, with the short magnets con-
sidered here only a small torque would be produced and the mechanism being driven is much
stiffer in torsion than translation. If the poles are positioned at potentials vs, and vs a distance dr
apart, the potential energy of the magnet (w) is
The value mdx is experimentally determined and is known as the moment (M) of the mag-
net. For small fields the magnetic moment is given by
M =B re„,V„,	 (2.31)
B„,.= Remanence
V„,= Volume of magnet
If the distance between the poles is small, equation (2.31) becomes
Ap.=_m dv	 (2.32)
The force on the magnet (F) is given by
F =•-M
	 (2.33)
F =2Kvii dH
W
(2.35)
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If, however, magnetization or demagnetization is significant (a soft magnet), the suscepti-
bility will be finite and is often expressed as a constant (K,) for small field variations. For this
case, the moment of the magnet can be expressed as
M =VJ= KVH
	 (2.34)
Substitution of equation (2.34) into (2.32) and differentiating, equation (2.33) becomes
Equations (2.29), (2.33) and (2.35) give the force on a magnet positioned with its pole axis
concurrent with that of the solenoid coil. If use is made of a hard saturated magnet in moderate
fields demagnetization will be minimal and the effects of Barkhaussen jumps, hysteresis and
equation (2.35) can be ignored. Equation (2.33) has been found to accurately model the drive
devices used in the experiments described here.
Any coil will possess the properties of both inductance (L) and resistance (Re ). For a
cylindrical uniform current density coil, the resistance is given by
rcp(ccc +1)/22
e —R
a ik. (ac —1)213,
The inductance is related to the resistance of the coil by the equation
-	 L =a ?Rc Xc (i)c (ac
 ' I3c )P
(2.36)
(2.37)
The function 4) is plotted in figure 2.22 (see Montgomery, 1963). From this equation it can
be seen that the ratio LI& is constant for a given coil geometry and windings material.
If, for example, the coil is to be used in an ultra-high vacuum (UHV) system (as would be
the case for tunnelling probe applications) the temperature will be determined by the radiation
effect. For an input power W (watts) the steady state temperature (T5 ) is governed by the
relationship:-
w =Asic(T 54—T A4)	 (2.38)
Where:-
As za? Tt((Cq-1)÷4ac Pc ) =surface area of coil
K=Stefan Boltzmann constant =56.7x10-9 W lm2k4
TA =ambient temperature
To reduce thermal fluctuations of the coil drive it is necessary to maximize equation (2.38)
for a given coil power consumption.
The field at the centroid of the coil (It, (0)) can be expressed in terms of power by the
equation:-
Hx (0). F (ac ,i3c (2/cpc (a .-1))1/2 (W k iPa i)v (2.39)
The graphs of figure 2.23(a & b) show contours of maximum axial field slope against the
normalized half length (pc ) and outer radius (etc) of the coil. The parameters that have been held
constant in this analysis are; a 1=0.007m, p=100x10-9 f2m, W=2.0W. Comparison of this figure
with contours of coil surface area (figure 2.24) indicate that geometry factors in the region ac=2.0
and 3c =1.0 will constitute a good design.
2.6. The dynamic characteristics of an electromagnetically driven linear spring system
From the previous analysis it is clear that (for small displacements of the magnet) the force
experienced by a magnet within an energized coil is proportional to the applied current (/), i.e
F =K	 (2.40)
The constant K 1 is a function of the position of the magnet along the axis of the coil and can
be determined from equation 2.33.
The motion of the primary platform for a given input force, as modeled in figure 2.21, is
governed by the relationship:-
d2x dxF dt'	 at
Where:-
in = mass of platform
b= damping factor
(2.41)
X (s)_ 	F (s )1n? 
s 2-F2co„ s +co,?. (2.42)
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spring stiffness
Assuming that the platform is initially at rest, equation (2.41) can be rearranged in terms of
displacement (X) and expressed in Laplace transform notation by:-
Where:-
co„. ATri =natural frequency (rad Is)
C=6/2,1?sM ritical damping factor
Combining equations (2.40) and (2.42), the output displacement for any input current can
be obtained. It is common when driving inductive loads to use an input voltage (v) instead of
current to avoid large voltages associated with rapidly changing input demands. The
voltage/current relationship for a coil is given
)	
by:-
dig)v (t )=i (t)Rc+L	 (2.43)
Again, assuming that initial conditions are zero, equation (2.43) can be rearranged in terms
of current (I) and expressed in Laplace transform notation as:-
(s )__RV 4.4s. _  VA)11L	 (2.44)
The constant T (=12,1L) can be obtained from equation (2.37). To obtain a linear traverse of
the spring platform, it is postulated that a voltage ramp be applied to the coil of the form:-
v (t)=K 21 or V (s)=K s 2	 (2.45)
Substituting equations (2.45),(2.44) and (2.40) into (2.42) the platform displacement is
given by:-
K iK 2ILmX (s )—  
s 2(T +s)(s 2+go)n s +co,;)
The real time solution of equation (2.46) is given by:-
Ee-6)'` 
x(t )=A +Bt +C	 ÷ con	 sin (con •`/./)
• • • +De -4).f cos (conql--
(2.46)
(2.47)
x, )_	 IC (t) _  K 2t K1K2
AR "a-72-‘ (2.49)
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Where:-
A —  —K iK 2(2CT +co„) T2a),;Lm
K 11C 2B— TLI-Tuon
K iK2 
C— T3Lm(coPT +T 
—2Ccon )
K iK2(4 2con —2CT—con
D—T (1),?Lm (2Cw„ —T —WIT)
E—
K iK 2(2C2T —4C3con —T+3Ccon ) 
noiLm(coPT +T-2o))
It can be seen from this equation that there will be transient errors from an ideal path associ-
ated with the constants C,T,E & D and a steady state error of magnitude A. The response x, (t) of
this system to a voltage step of magnitude K2 can be obtained by differentiating equation (2.47).
The solution of this is given by:-
	
(t)=A'+B	 +c, 'e .4.)- 1 COS ((on '‘	 2 .t)
	
• • • + 	 e` sin (con'1-1  2.t)	 (2.48)
O)n
Where:-
A K iK 2
T co,tLm
11(2 
T2Lm (*on —T —WIT)
K 11(2(2Ccan—T) 
C— WTLm (T +o),?IT —gcon)
D	 K 2(2C2con —CT —(an) 
con TLm (T +WIT —2Ccon )
If for the ramp motion the coil current is used as a monitor of displacement the apparent
motion (x„,(t)) is given by:-
The measurement error (en, (t )) is then determined as the difference between apparent and
actual displacement i.e;
en, (t )=x (t)—x„,(t)	 +He -R IL +De -4°). ' cos (con.t)
con 1-4, 
sin (con
-sfiT
_ I)	 (2.50)
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Where:-
—2CK iK 2
(0,--37—yjn
K iK 2(2Ccon—T) 
TH — 2co 2Lrn (7. +WIT —2Co)n)n
In this case, the steady state error is independent of inductance although it will determine
the rate at which a constant error will be obtained. This point will be discussed in the results sec-
tion.
If an input current of the form /=K 2t is used the first order transfer function of equation
(2.44) can be ignored and equation (2.46) becomes:-
K iK 2 
ms
X (s)— 2(s 2+2Ccons 4-co,?)
Equation (2.51) can be solved to yield the result:-
x (t )=A "(1—e -C)* : cos (con 	 C 2 1))+B "t
\F-Y/
• • • + wn i_c2 sin (con	 .t)
Where:-
(2.51)
(2.52)
—K 11C 22C
COhin
B”—K2K2
(0,—?rn
iK 2(2C—con) 
There is a steady state error of magnitude A" as well as the exponentially decaying tran-
sients. The above analysis enables the prediction of overshoot displacements, settling times and
steady state conditions for for both ramp and step coil demands. This is of particular interest for
digital systems where motions are generated from a number of discrete steps. These predictions
are of particular interest in the scanning tunnelling microscope where a large overshoot can result
in contact and the possibility of damage to the probe. In all of these analyses it is clear that the
error is reducible by reducing the constants K I ,K2 and m and increasing the inductance (L) and
the stiffness (X).
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Figure 2.3
The double compound rectilinear spring
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Lumped model for the compound spring
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Chapter 3: The design of a slideway system for use as a precision
reference motion
3.0 Introduction
It is necessary, before commencing this chapter, to define the general requirements of a
reference motion and the specifications in terms of dimensional stability and accuracy.
A reference motion is initially required for use in fine instrument mechanisms. It had been
proposed that motions of up to 50mm length with a reproducibility of approximately 1 nm
(10-9m) be obtained. The traverse length (X) is a measure of the limit of useful diagnostics obtain-
able for any particular surface (i.e. roughness and waviness). For smaller values of X (=lnun)
linear motions with accuracies of the order 0.1nm vertica1/50nm lateral or less are required. It is
considered that a low friction mechanism will reduce the magnitude of the forces applied to the
system. For long range reference motions elastic design techniques are impractical and may be
readily discarded. The remaining techniques to be considered are:-
1.	 Dry, plain rubbing bearing.
2. Elastohydrodynamic bearings.
3. Hydrostatic bearings (externally pressurised).
These will be briefly discussed in reverse order (order of considered merit) to give some
reasons for the final design philosophy that was adopted.
3.1 Hydrostatic bearing systems
These systems consist of highly conforming surfaces with a small separation maintained by
applying pressurised fluid between the two. The fluid used to separate the two surfaces can be
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either pneumatic or hydraulic. The latter fluid will involve large bulk and cost, viscous drag,
viscosity index, fluid recycling, vibration transmitted by the pumping equipment (even with accu-
mulators in the system) and thermal expansion effects of the fluid. Because of these difficulties
this system is not considered further. A pneumatic system has the distinct advantage of a very
low friction coefficient with a relatively high stiffness. The other distinct advantage is a contami-
nation free fluid medium that is readily available in a majority of modern workshops. Pneumatic
hydrostatic bearings have been used in stylus instrumentation to record surface variations with an
accuracy of around 100 nm over 25 mm traverse distances, (Sayles et al, 1976).
Although the stiffness of an air bearing is high it is exceedingly non-linear and will tend to
exhibit low damping factors, (Gross, 1962). For light loads the stiffness varies approximately as a
square law with the film thickness. This power law will increase with load (decreasing film
thickness). The consequences of increasing load on the system may give rise to distortions that
may not be insignificant on a nanometer scale. This stiffness may involve fairly high transmission
of external vibrations as well as the problems associated with internally generated noise (tur-
bulence, Helmholtz resonance, unsteady air supply). With the necessity of very thin films, high
conformity and complexity of geometry(i.e contouring fluid exit regions), the choice of materials
is economically restricted to ductile (usually metallic) varieties. This may introduce problems of
thermal stability due to the relatively high expansion coefficient. Both of the above systems are
not vacuum compatible.
3.2 Dry And Lubricated Bearing Materials
In this category of bearing system there are three distinct sub divisions:-
1. A low modulus, dry, low p. bearing material (PTFE, ultra-high molecular weight
polyethylene (UHMWPE), etc.). This will be sliding on a very smooth glass or glass
ceramic surface. It might be advantageous to incorporate a lubricant/solvent to reduce
the shear strength of the contacting interface (i.e. polyacetal and silicone oil (20cs) ).
2. Elastohydrodynamic lubrication.
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3.	 An all solid interface with the surfaces coated with MoS 2 or graphite.
Again, these three categories will be discussed in reverse order. This is the considered
order of merit for this particular application.
3.2.1 The Friction Of Lamellar Solids (see Bowden and Tabor)
The two main dry bearing materials that appear suitable for this application are graphite or
molybdenum disulphide (MoS
a) Graphite
As with MoS 2, the low coefficient of friction (F-0.1) is attributed to sliding of one laminae
over another. To facilitate this mechanism it is essential that the laminae assume a preferred
orientation and it has been determined that the angular orientation of the basal planes corresponds
to the angle of friction.
b) Molybdenum Disulphide
This material will also exhibit a low friction coefficient (1= 0.1) and will retain this value
under vacuum conditions (unlike graphite). The coefficient of friction will increase if contam-
inants are introduced (g= 0.22 for "moist" nitrogen) and thus optimum results can only be
obtained upon maintenance of a "clean" low humidity environment. This lubricant is applied
either as a solid/resin mix glued to the surface or applied in powder form with a selvyt cloth.
There have also been recent investigations by N.C.T. (National Centre for Tribology) into sput-
tered MoS 2 coatings. In powder or solid form there is a need for a certain amount of keying into
the parent surface. If the counterface is a highly polished flat then any keying by the extreme
hardness in the basal plane (6.5 Mohs) will invariably result in a certain degree of damage. Addi-
tionally, this hard thin layer may not average out any slideway imperfections and might possibly
enhance any periodicities present on both carriage and slideway (these periodicities are very
difficult to eliminate, Lindsey, 1973) with highly polished surfaces. For the above reasons it was
considered that this lubrication system only be investigated upon inadequate performance of
other mechanisms.
A =-7,-
r
(3.1)
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3.2.2 Elastohydrodynamic Lubrication
Elastohydrodynamic lubrication is the hydrodynamic lubrication that is maintained through
a combination of viscous effects and elastic deformation of the interface in sliding contact. The
elastic distortion will occur with extreme pressure conditions or if low elastic modulus materials
are used. Calculation of the hydrodynamic forces at very low velocities are rather unreliable and
have not been specifically modeled to this situation. However, it is important to note that this
form of lubrication can persist at velocities orders (1 - 2) of magnitude below that predicted by
hydrodynamic theory, Hooke, 1972, Archard, 1975, Cudworth, 1976. This point must be taken
into account when interpreting frictional data of lubricated polymer systems.
3.2.3 Dry friction and/or boundary lubrication
The frictional properties of a low modulus, polymeric materials appear very favourable. The
wear rates are very low and the friction coefficient will remain smooth under fairly constant con-
ditions. To investigate the applicability of this system it will be necessary to review the relevant
theory of polymer bearing systems, and in particular, the frictional and wear properties of
polytetrafluoroethylene (PTFE).
3.2.3.1 Dry Friction
If P represents the average pressure that a material can withstand and W is the total load on
that material, then for a purely plastic material the static area of contact (A) is be given by,
(Pascoe, 1956, Bowers, 1953):-
By analogy with the friction of metallic contacts, the force (F) required to shear the junc-
tions formed over this contact area is:-
F =As .41
	(3.2)
where s is the shear strength of the junction that has formed.
The above equation assumes that the materials are clean and that the shear strength and flow
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pressure remain constant (this is not exactly true for polymers, Adams, 1963). It has been esta-
blished that the coefficient of friction is more likely to follow a power law of the form:-
gaW-13(0<f3<0.33)
	
(3.3)
This implies an intermediate behaviour showing both plastic (3=0) and elastic (V-0.33) con-
tact characteristics. For a spherical pad rubbing against a flat surface (or equivalently, two crossed
cylinders) Pascoe, 1956, found equation (3.3) to be more accurately expressed for nylon by the
equation :-
p.,_Kw-oa6D 0.52	 (3.4)
where D is the diameter of sphere.
This equation is independent of temperature, time, velocity, composition and bulk
geometry. All of these factors will effect the value of the friction coefficient that is obtained in
any one experiment.
Junction growth, as found in metallic friction, is not considered to occur with polymer fric-
tion. This is demonstrated by the correlation between the increase in contact area due to creep and
the value of the static friction coefficient.
Primary creep will also effect the friction coefficient as this is synonymous with hysteresis
and the elastic recovery rate. This effect implies an increase in contact area with a decrease in
speed. The strain due to creep is a function of time and the total displacement will depend on the
length (or thickness) of the material under load. Tabor, 1957/58, postulates that elastic recovery
effects will not be significant if values for the velocity of sliding are of the order of a hundredth
of the width of apparent contact. In the experiments to be discussed in the following sections, the
width of contact was observed through the polished glass counterface to be approximately 1-2
mm. With velocities less than 0.01 nun/s all experiments were well within this criterion. Thus it
is reasonable to expect that, after running-in, the kinetic friction will approach static friction as
velocities tend to zero (no junction growth theory), (see Tanaka, 1984).
The materials under main consideration were ultra-high molecular weight polyethylene
(UHMWPE) and polytetrafluoroethylene (PTFE). These have previously been shown to have a
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very low friction at dry bearing interfaces. The immediate problem was to attach thin films of
UHMPE (<50 inn) to a sliding surface. It was found that thin films could be shaved from a solid
using an ordinary wood plane but attempts to adhere these to a surface were, at best, unreliable.
The use of thicker slabs of this material was considered inappropriate because of creep and ther-
mal expansion effects (arz10-44). PTFE however can be obtained in the form of Glacier DU
bearing material. This is a composite of PTFE and lead that has been keyed into a porous brass
subsurface. This is then bonded to mild steel. The thickness of protruding PT'FE is of the order
20 gm for older material and less for modern varieties. The expansion coefficient of this combi-
nation is roughly 15x10-6/k
3.2.3.2 Polymer Lubrication
Lubrication of polymers can be explained by various mechanisms including; adsorption,
plasticisation or hydrodynamic/elastohydrodynamic effects, (Rubenstein, 1961, Fort, 1962,
Cohen, 1966). The force required to initiate the sliding of a lubricated interface is given by the
general equation:-
F=A (as 0-1-(1—a)31)
	
(3.5)
Where:-
so=Shear strength of the polymer
sL =Shear strength of the lubricant
a=Fraction of the true area at which polymer/counterface contact occurs.
The bracketed term in equation (3.5) is known as the effected shear strength (SE). If P is the
hardness pressure or flow pressure of the polymer under an applied load (W), the coefficient of
friction is given by equations (3.1 & 3.5):-
as o (1—a)sc,
p--
From this equation it can be seen that the friction coefficient can be reduced by a reduction
in a,so,sc and/or increasing P.
(3.6)
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One mechanism by which a may be reduced is that of adsorption. Rubenstein, 1961, postu-
lates that the separation between two surfaces will increase with adsorption of a lubricant into the
polymer or counterface surface. This separation appears to increase with increasing chain length
of molecule in a homologous series (chain length is roughly proportional to viscosity). This
effect, however, will diminish as the chain length increases to a size where adsorption becomes
improbable. Lubricants can reduce the performance of a polymer bearing by weakening inter-
chain forces which may lead to an increase in the wear rate. This wear mechanism is thought to
be either high transfer and removal or surface fatigue related to solubility/wettability (for a com-
plete discussion see Lancaster, 1984, Atkins, 1984, Ellison, 1954, Senior, 1971). Adsorption may
also enhance hythodynamic/elastohydrodynamic lift-off, (Tabor, 1957, Fort, 1962). This effect
can appear to be dominant under the right conditions at velocities of around 0.1nun/s. This
implies that unless very low velocities have been used, interpretation of results from polymer
lubrication investigations must be approached with caution. These parameters may additionally
depend upon the surface finish of the counterface.
The adsorption or absorption of a lubricant into the surface of a polymer may bring about
the onset of plasticisation. The immediate effect of this will be a reduction in so without a
significant change in P. The interface will then consist of a thin, soft intermediate layer between
the polymer/counterface surface. The effect of adsorption have been observed during dwell tests
to give a low friction coefficient (=0.1) that can persist for an extended duration without the need
for any added lubricant. The most attractive polymer/lubricant combination at high velocity
(=0.5tn/s) is that of polyacetal with either silicone oil (20cs) or Di-2-ethy.lhexyl sebacate. The fric-
tion reduces from 0.3 to 0.1 and a reduction in the wear rate two orders of magnitude can be
obtained, (Lancaster, 1984). For these reasons it was considered important to investigate the fric-
tional properties of a polyacetal(P0M) silicone fluid combination at very low velocities (i.e.
boundary lubrication). The bearing pads used in this investigation were Glacier DX. This material
is of a similar composition to the Glacier DU only there is a POM surface layer =200gm thick.
Plasticisation may have a deleterious effect if diffusion into the bulk of the polymer causes
a marked reduction of P. This can lead to an increase in the friction or even catastrophic failure.
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3.3 The sliding mechanism of dry PTFE
It has been well established that the sliding interface of PIPE consists of a thin (10-40nm),
highly oriented film. The orientation of this film, which occurs over a large temperature and
velocity range, can be clearly seen in electron diffraction patterns to be parallel to the direction of
sliding (see Mackinson, 1964, Steijn, 1968, O'Leary, 1967, Pooley, 1972). The wear of this
interface will possibly be a result of deposition and removal or a gradual transfer of layers similar
in nature to the spreading of a deck of playing cards. These mechanisms imply a fairly low wear
rate. However, Maldnson & Tabor observered that there is a transition between high and low
friction as either sliding velocity is increased or the temperature is reduced. This transition is
attributed to:-
"...the viscous force to shear the film increases until a stage is reached where the shear force
exceeds the strength of the boundaries between crystals or grains"
This implies a rapid increase in wear above a critical speed or temperature. This sudden
increase in wear has been observed by Tanaka, 1973, although the friction coefficient exhibited a
more continuous change. This mechanism requires a strong adhesion to the parent surface, a view
disputed by Steijn, 1968, who attributes film formation and fibril structure purely to low shear
stress and inter granular strength.
Another wear mechanism is that of delamination of surface films due to frictional heating.
This results in interface stresses between the film and polymer caused by anisotropic thermal
expansion mismatch and dilatation due to the a—I3 phase transformation at 292-296 kelvin, (Horn-
bogen, 1983, Lhymn, 1986). This mechanism is explained by the drawing of a thin film into thin
bands or fibrils in which the local temperature is increased due to frictional heating. The result of
this temperature increase is a bubble formation perpendicular to the direction of sliding. Decohe-
sion of these bubbles will then form wear debris. This may account for the sudden increase in
wear rate at high sliding speeds. Irradiation of PTFE (50Mrad) can reduce the phase transition
temperature by a few degrees and improve the wear rate, (McLaren and Tabor, 1965). It is
unclear as to whether this is caused by suppression of bubble formation or the bulk alteration of
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material properties, mainly an increase in hardness. However this will cause a marked alteration
of the polymers frictional characteristics considered undesirable for this particular application.
It is considered that the wear of PTFE at low sliding velocities will be comparable with
other polymer systems (10- 8
 cm/cm). This wear rate was monitored at velocities greater than
lmm Is (load=lkg) and thus may not be relevant to this investigation, (Tanaka, 1973). The
predicted wear for a full traverse is of the order 0.5nm which is within the design specification.
However, if the wear process is linear, the errors induced will be reduced considerably. The fric-
tion coefficient will also be low.
3.4 Experimentation
3.4.1 Apparatus
The procedure for measurement of frictional properties of the aforementioned polymeric
materials is shown in figure 3.1. The sliding mechanism consists of five polymeric pads (5 d.o.f.
kinematic constraint) attached to a carriageway. This carriage could then be slid along the optical
glass prismatic slideway with velocities ranging from 0.01-0.0005 mm/s. The mass of the car-
riage (plus specimen) was 1400 gms. The carriage is driven by a non-rotating micrometer with a
_
ball trapped between two flats (WC anvil and slip gauge) to reduce drive "influence". The force
required to push the carriage could be monitored using the four gauge, temperature compensated
strain gauge bridge. To ascertain the viability of the polymer/glass slideway as a precision refer-
ence motion, a supersmooth superflat ULE silica specimen was placed directly onto the carriage
and surface fluctuations were monitored using a "Talystep" stylus transducer. The leveling stage
was required to obtain parallelism to less than 0.1 sec of arc. This mechanism, as well as the
slideway configuration are explained more fully in chapter 6. The central two thirds of the speci-
men are flat to approximately 10nm with variations less than 0.1nm (i.e. R,, < 0.1nm). The out-
puts from the strain-gauge bridge and "Talystep" were simultaneously monitored by a Hewlett-
Packard 9836 computer via an 98640A ADC. Instrument noise and thermal drift are shown in
figure 3.2. The results of these experiments could then be either displayed or printed. This system
is a modification of the "Nanosurf', Lindsey, 1985.
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3.4.2 Procedure
The strain gauge bridge was switched on for approximately twelve hours to allow the tem-
perature to stabilise. The force characteristics were then calibrated using calibrated masses. The
five polymeric pads measured approximately 4mm x 4mm square. These were ultrasonically
cleaned in carbon tetrachloride and glued to the carriage using a two part epoxy adhesive. To
obtain a high degree of averaging the pads were initially used flat. This will result in a high con-
formity with the interface. The pads were glued in-situ to ensure this conformity. The angular
discrepancy between the carriage and sfideway was measured using a Hilger and Watts Clinome-
ter and errors could not be detected to within 1 min of arc.
Three different experiments were performed:-
1. The friction of POM dry and lubricated under high conformity conditions. The sil-
icone oil was applied by rubbing the pads with a saturated cotton wool bud and allow-
ing this to "soak" for 24 hours. The excess oil was then removed with a "kimwipe".
The experimental results shown in all figures are a representative sample of a total of
approximately 100 experiments.
2. The dry friction of PTFE under high conformity conditions.
3. The dry friction of = 30cm diameter spherical PTFE pads. The pads were prepared by
pressing 5mm diameter blanks into a roughly spherical shape using a 7.5cm rad punch
against polypropylene. These were then shaped using a "glass file". Between each
experiment the interface surfaces were cleaned using carbon tetrachloride.
3.5 Results
3.5.1 The friction of dry and lubricated Polyacetal
From the graphs of figures 3.3-3.6 it can be seen that the friction coefficient of a
polymer/silicone/glass interface is consistently of the order 0.3 with a slightly higher static fric-
tion coefficient of 0.33. The "ramp up" to the maximum friction is due to the compliance of the
drive/carriage interface. Over a velocity range 20:1 the frictional characteristics of this system
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have remained relatively constant. The smoothness of friction is reflected by the output of the
"Talystep". This shows a disturbance of around 15-20nm which settles down to a smooth motion
after approx 20uni of traverse. This characteristic is independent of traverse speed.
This friction coefficient is considerably higher than that obtained at increased speeds
(v=500mm/s, g=0.1). The same experiment was repeated using a dry acetal slider. This, surpris-
ingly, exhibited a reduced friction coefficient (g=0.2) and stick slip was very slight (see figure
3.7). The initial disturbance to this system was greatly reduced and perturbations of the order 5-
101un were generally recorded over the complete velocity range. The temperature of all experi-
ments was maintained within the range 293-293.5 kelvin.
3.5.2 The friction of PTFE under high conformity conditions
This system has a very high friction coefficient (.4=0.3)
with a static coefficient approaching 0.5. From the graphs of figures 3.8 and 3.9 it can clearly be
seen that for these high frictional forces there is a marked correlation between friction and the
uniformity of the precision motion.
3.5.3 The dry friction of =30cm diameter PTFE spherical pads
The graphs of figure 3.10 (a & b) show the running-in characteristics of the 30 cm spherical
pads. The initial peek is usually attributed to the initial orientation of the interfacial film. The
second peek is an anomaly. Figure 3.10b shows the start up and continuous friction of a "run-in"
system. The friction coefficient for this system is 0.1. After further running in (1m traverse) the
precision reference motion characteristics were measured (figure 3.11). This shows that start up
perturbations were of the order 3 nm and this performance could be obtained over the complete
range of velocities. The system has been recalibrated and checked after a three day period to ver-
ify these results.
3.6 Discussion
The boundary lubrication of a polyacetal/silicone system appears to be very ineffectual at
these very low sliding velocities (if not detrimental). If, as was mentioned, there is a
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hydrodynamic/elastohydrodynamic contribution then the film thickness will be directly propor-
tional to velocity. In this case there must be a certain cut-off point at which the lubrication is
completely squeezed out leaving a "dry" contact. This squeezed out oil will also contribute to the
friction coefficient by retention in the pockets introducing viscous shear forces. The slightly
higher friction in the lubricated condition may be explained by the mechanism of plasticisation.
This plaslicisation may result in reducing the flow pressure and thus increasing the contact area.
Although perturbations with the POW silicone are relatively small the system is rather unpredict-
able and has a disturbing stick-slip characteristic. The effect on the carriage, as monitored by the
"Talystep", is caused by the center of inertia of the carriage being offset to the center of friction
and the line of action of the micrometer drive. The later designs incorporate a balancing system
for the carriage. Other problems with a POM system is the fact that very thin films are difficult to
obtain and this makes it correspondingly difficult to avoid the stick-slip phenomena (assuming
this to be a consequence of creep). A thick film may also be a major contribution to thermal insta-
bilities (a,=3x10-5/k).
The relevance of high conformity is unknown but various experiments have shown that fric-
tion does tend to increase with reductions in load, surface finish and velocity. All of these param-
eters may be significant in the experiments with highly conforming surfaces and may explain why
the ultimate in friction coefficients was obtained.
To try and overcome these problems the PTFE pads were made to a spherical shape. This
was to increase the load on the polymeric material at the expense of averaging over macroscopic
distances. Additionally, to reduce the effects of creep, the PTFE was thinned down to the brass
subsurface using a spherical glass "file". The drawing of the thin film over the brass spherulites
could be observed under a microscope as a dulling of the brass after a short traverse. In this
instance the coefficient of friction dropped to a value of 0.1 after an initially high value (=0.2)
(figure 3.10). This suggests that an orientated film was initially formed by a drawing process.
Stick-slip, although present after long rest periods ( 12 hours), was very small and virtually
undetectable for shorter creep periods. The disturbing influence of the initial start up was minimal
(<5nm) and microscopic averaging appears adequate (figure 3.11 and 3.12). This averaging is a
- 82 -
consequence of the thin interfacial film (possibly 10nm) against a surface of roughness of approx-
imately 1nm Ra •
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Chapter 4: The design of NPL Nanosurf 2
4.0. Introduction
Nanosurf 2 was designed at NPL during the authors six month tenure there as part of the
CASE award scheme. It is a development of the Nanosurf 1 already built at NPL.
Nanosurf 1 was built as an extension of the Rank Taylor Hobson "Talystep" for use in the
measurement of the surface characteristics of x-ray optics, Lindsey (1986). This stylus based
instrument had been successfully used for the assessment of ultra-smooth surfaces with a spatial
wavelength of 1 mm or more and accuracy of a few nanometres. Due to this success, it was
decided to undergo a development program with the following objectives:-
1. To extend the range to 50um - 50rrun .i.e a lateral range ratio of 1 part in 1000.
2. To obtain accuracies of the order 0.1nrn/mm.
3. To create a basic instrument that would be compatible with a wide range of displace-
ment transducers.
4. To increase insensitivity to thermal and mechanical disturbances.
5. To create a data acquisition facility.
4.1. Principle of operation
A labeled photograph of Nanosurf 2 is shown in plate 4.1. The specimen is mounted on a
leveling table, T, which is itself mounted on the carriage, C2. This carriage is fitted with dry
polymeric bearing pads which interface with the precision linear slideway, SW. Three pads are
distributed in a triangular configuration on one side of the carriage with the centroid being coin-
cident with the drive axis. Two more pads are positioned on the opposing side, again in line with
the drive axis. This pad system will provide kinematic constraint in the five degrees of freedom
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required for a linear motion and will also have a center of friction coincident with the drive axis.
The horizontal micrometer, Ml, pushes the specimen carriage along the slideway via the slave
carriage, Cl, which is part of the non-influencing drive coupling arrangement. The micrometer is
driven by a remotely mounted DC motor. This has variable speed which enables the setting of
continuous micrometer anvil velocities over the range 0.1 to lOmm/tnin. The stylus/transducer
assembly is moved into contact with the specimen via the vertical micrometer, M2. During speci-
men adjustment, this micrometer and the specimen table tilt-adjusting screw, S. are decoupled
from the reference (measurement loop).
The output signal from the transducer is fed into a Hewlett Packard 9836 micro-computer
via the Talystep signal conditioning amplifier. This signal is then digitized and various diagnos-
tics are computed using data algorithms developed for this project.
4.2. The measurement loop and materials selection
This instrument is almost entirely constructed from Zerodur. The only non Zerodur com-
ponents within this instrument are in the transducer and the bearing pads; described in chapter 3.
These pads are a mixture of mild steel and brass zO.7min thick coated with an extremely thin
layer of PTFE/Pb composite. The thermal expansion of these will be =1 mm/k. The instrument
measurement loop runs downwards through the leveling stage, carriage and bearing pads. It then
passes upwards through the transducer support and finally through the transducer itself, see figure
4.1.
To facilitate a calculation of the susceptibility of this loop, it is necessary to look at the ther-
mal characteristic of Zerodur. This material is a ceramic with two phases constituted from cry-
stalline and amorphous glass. These two phases have thermal expansion coefficients of opposite
sign. By very carefully annealing this ceramic, the relative proportions of each phase can be
adjusted to produce a material with a zero expansion coefficient at a tunable temperature, Otto &
Lindig 1986. However, either side of this point Zerodur does have a finite expansion coefficient
that rises with increasing departure from this temperature. Additionally, the expansion effects are
hysteretic. Commercial Zerodur is annealed to have zero thermal expansion characteristics at
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around 294 kelvin. Thus, although this instrument is in a room regulated to this temperature, the
conservative value of 5x10-8 as given in table 2.1 will be used.
The fused silica tube is calculated to have an expansion of 48nm/k and this can be verified
in a rough test. The expansion coefficient of the overall loop is a lot less easy to determine. If all
of the components had equal expansion coefficients and thermal capacities then the expansion
coefficient would be zero. Observations show that the expansion coefficient is indeed low
although quantifying this value was found to be outside of the confidence in the overall system
stability.
4.3 The non-influencing drive
The drive system is required to move the carriage over a distance of 50rnm without
influencing its motion at a level sufficient to induce perturbations that are significant at the
0.1nm/mm level. The technique that has been used to separate the carriage from any drive
influences is shown in figure 4.2. The non-influencing drive coupling consists of a tungsten car-
bide (WC) ball sandwiched between two WC flat plates. This material was chosen because of its
high elastic modulus and advantageous thermal properties (table 2.1 ). Neglecting rolling resis-
tance and interfacial friction, this configuration is very stiff in one degree of freedom only and
will not transmit forces in the five that remain. In the rest state, the ball constrained against the
back plate and a conical hole by a spring. When a drive motion is started, the drive must first
push the ball out of the conical hole against the spring force until the WC plate makes contact
with the invar coupling body. It is then a rigid drive. The distance that must be traversed before a
positive drive is obtained is dictated by the gap. This can be set with the adjustment screws and
was nominally set to 0.025mm.
A more global view of the drive decoupling system is shown in figure 4.3. Because of
difficulties encountered with drive alignment, an intermediate slave carriage has been employed.
This is on the same slideway as the specimen carriage and will closely follow the same line. This
also has a WC ball coupling arrangement. The non rotating anvil micrometer is driven by a servo
controlled DC motor and gearbox. To reduce the effects of vibrations, the motor is separated from
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the micrometer by a sliding coupling and universal joint. The system is stiff only in the one rota-
tional degree of reedom that is required.
4.4 The transducer assembly
The transducer has to be brought accurately into contact with the specimen. This can be
adequately performed using a standard micrometer. However, to reduce thermal and mechanical
instabilities, it is required that both the measurement loop remain short and interfaces minimal.
The tranducer bracket shown in figure 4.4 has been designed with these two points in mind. The
stylus transducer (which weighed =lkg) is moved into contact with the specimen via a hysteretic
coupling. This is achieved by including a large clearance and therefore backlash in the coupling
between the micrometer and transducer. When adjustments are completed, the micrometer can be
moved clear of the stylus and thus out of the measurement loop. Friction forces created by the
leaf springs maintain the transducer in its position. Because of the large mass involved in this par-
ticular case, a proportion of the weight is supported by the adjustable tension springs. There is
only one interface in the measurement loop. This is between the invar body and Zerodur with a
thin epoxy film between the two. The film was deposited onto the invar as a two part epoxy paint.
4.5 The leveling stage
_
Most transducer systems are limited by their range/resolution ratio. If a ratio of 100(say) is
assumed, then for a traverse distance of 50mm, the specimen must be level to an angle of 20nrad
if a vertical resolution of mm is to be realised. If the specimen is distorted then an angular resolu-
tion of considerably better may be required. The technique for leveling the specimen is shown in
figure 4.5. All components in the measurement loop are made from Zerodur. The specimen plat-
form is mounted on a three point support and it is free to roll over two spherical pivots at the rear.
The point support at the front of the platform is provided by a wedge. This can be driven along a
slideway to provide the angular adjustment. The face of the wedge that contacts the platform has
been made convex so that a point contact occurs. The slideway is a simple vee rail. To avoid
problems associated with ringing, the surface of the vee has been left in the greyed state. Thus the
interface is of polished Zerodur onto grey Zerodur. To prevent the platform from moving forward
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whilst the wedge is being driven, there is a spring force that can be adjusted to any position acting
upon it. The reaction forces (F 1 & F 2) at the wedge and pivots (respectively) are given by
Fa	 _  Fb	 F1 _aF i= (a+b) and F2 (a+b) or F 2—T
It can be seen that the ratio of forces at the reactions are linearly related to the position of the
applied force.
The wedge is driven by a feedscrew via a hysteretic coupling which again can be decoupled
from the measurement loop once the adjustment has been completed. For a feedscrew of pitch
(P), the tilt angle 0 for a rotation of the feedscrew (I) is given by
0-= 12_01twan _	 (4.2)
For the design used, a tilt angle of 2nrad will correspond to a feedscrew rotation of about three
degrees. This is easily performed manually. The specimen sits freely on three pads that have
been left exposed by etching the surrounding Zerodur. Details of the etching procedure and its
stress relieving characteristics are given in Appendix A.
4.6 Data acquisition
Data acquisition has been achieved by using the same instrumentation as that developed for
J
the polymer slideway experiments in chapter 3. The stylus motion is detected as a voltage output
from the Talystep amplifier. This voltage is measured using a Hewlett Packard 9836 computer via
98640A ADC.
(4.1)
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Chapter 5: The characterisation of Nanosurf2
5.0 Experimental method
To characterise Nanosurf 2 a number of its important features have to be assessed. Repeata-
bility is the only possible monitor of the accuracy of this system. This is because the surface
measurement is taken relative to the slideway reference. location of the carriage relative to the
transducer is obtained from the micrometer drive. This has an accuracy of =±0.1mm. There is no
positive specimen location device and thus error evaluation techniques using reversal methods are
not achievable, (see Whitehouse, 1976). This is obtained by scanning a specimen twice over a
similar portion of its surface and calculating the goodness of fit for these two measurements. The
limit on the length of specimen that can be examined is governed by the minimum settling time
upon initial start-up and maximum length of stroke. The maximum length of stroke is known
(50mm), whereas the start-up characteristic will depend on the quality of the slideway bearing
system and indentation (micro-hardness) properties of the specimen under consideration. The
main limitation on system resolution is the instrument noise. This arises from both mechanical
and electronic sources. Many high precision instruments are limited by their thermal susceptibil-
ity. This effect has been considered a prime factor throughout the design process. Consequently,
an examination of long term drift and both long and short term thermal expansion characteristics
has been undertaken. The influence of any undesirable long term non-linearities can be reduced
by increasing the speed of measurement. However, this will be limited by the stylus and slideway
dynamics and the nature of the specimen surface. A study of the variation of surface texture
parameters with velocity of scan is also presented.
The digital sampling of the stylus output signal is taken over a time interval that is deter-
mined by the carriage feedrate, number of data points and length of traverse. The sampling inter-
val is not linearly related to the delay generated by the computer algorithm. Thus, using the com-
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puters internal clock, a correction is applied at the end of the data aquisition to compute the true
traverse length for the manually set carriage feedrate. This results in a rather peculiar numbering
scheme along the x-axis of some of the figures in this chapter.
5.1 Results
5.1.1 Start-up/indentation characteristics for SiC specimen
In this experiment a SiC flat polished specimen has been contacted by the stylus with force
of 2mgf. The carriage has then been pushed along by micrometer Ml, via the drive motor, at a
velocity of 0.15nunimin, figure 4.1. When both carriage and specimen begin motion, perturba-
tions due to high initial acceleration, static/dynamic characteristics of the bearing system and rate
dependent indentation of the specimen by the stylus are monitored (these factors are not separable
in this type of experiment). If the carriage system has an invariant static/kinetic characteristic,
indentation will be indicated by an apparent initial rise in the specimen profile. This reasoning is
based on the assumption of the rate dependence of indentation and the independence of dry bear-
ing properties with settling time. A number of tests were performed with settling times ranging
from tens of seconds up to an hour. These traces have been obtained by winding the micrometer
until it is clear from the carriageway (3.4rnm). The drive is then advanced until contact and thus
traversal of the carriageway is obtained. In each case the transition to motion indicated an
apparent rise of the stylus of approximately 1.5nm and there were no observable effects due to the
settling times used. This value is in accordance with that expected by extrapolation of the results
obtained from a similar investigation into the microhardness of metals, Gane and Cox, 1970. A
number of typical stylus traces are shown in figure 5.1. Traces A,B and C represent starting up
traces after the stylus has been static on the specimen for periods of 6mins, lOtnins and 15rnins
respectively.
5.1.2 Noise, drift and thermal susceptibility
Instrument noise has been monitored by bringing the stylus into contact with a Zerodur
specimen and measuring the transducer output whilst the carriage remains stationary. This output
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is then a measure of disturbances caused by vibration transmitted acoustically and via the founda-
tions and also the electronic noise. Another noise source is that of the motor. The plots in figures
5.2 & 5.3 are the noise measurements corresponding to the output with and without the motor
running respectively over a period of 100secs. This signal corresponds to an R, value of approxi-
mately 0.03-0.04nm. The flat regions are due to the quantisation limit in the ADC stage of the
measurement. This signal has also been passed through an 8Hz low pass analogue filter. The
slope of this curve is caused by short term drift due to the thermal shock introduced by a recent
manual manipulation of the instrument mechanism. Drift is considered to be the amount by
which motion per unit time of the reference from an arbitrary datum is expected for a particular
environment. Nanosurf2 is presently being kept in an under ground temperature controlled clean
room where fluctuations of the order 0.1 kelvin would be the maximum expected over any 1 hour
period. This has also been monitored by measuring the static output from the transducer over the
period of about 1 hour. From this test it was observed that after a settling time of a few minutes,
there is a steady linear drift of approximately 7nm per hour. This translates to a drift rate of 61
microns per annum. The reason for this drift is very difficult to isolate and could be either
mechanical or electronic. From the previous tests it is thought that rate dependent indentation and
bearing creep are unlikely to be the source.
The thermal characteristics are more difficult to assess. The various components that make
up the complete system are all of different thermal capacitance and expansion coefficients. How-
ever, because the transducer consists mainly of relatively small components with a correspond-
ingly low thermal capacitance, it is assumed that the fast thermal response is due to this particular
part of the instrument. The rapid thermal response of the instrument has been monitored by
measuring static stylus output and temperature (using a thennistor) simultaneously whilst the
temperature is rapidly fluctuated by moving ones hand in the vicinity of the stylus and thermistor.
The themnstor resistance is measured using a Solartron digital voltmeter. The readout is in kilo
ohms with a resolution of 100. This value can be read into the computer via an IEFF488 data
bus. The resistance of this bead type thermistor can be considered to be linear over a small tem-
perature range with a temperature coefficient of -4.68kf2X. The resolution of this system is
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therefore g0.002K. The resistance value was compared with an NPL calibrated mercury ther-
mometer having 0.1k divisions. Both were placed in a thermally controlled room which was then
adjusted to by a few degrees over a period of about two hours. A graph of thermistor resistance in
kilo-ohms against thermometer reading is shown in figure 5.4. From this graph a relationship
between the resistance (R) and the temperature (T ) , is given by the equation
R = 207 — 4.68T (k	 (5.1)
The time constant for this thennistor is approximately 1 second. A typical result from this sort of
test is shown in figure 5.5. Traces A and B represent temperature and stylus output respectively.
The relationship between temperature and transducer output can be clearly seen and the rapid
temperature coefficient is approximately SOnm per kelvin. This is in close agreement with the
value 48nm/k that was predicted for the silica rod in chapter 4. However, the transducer is
modified as much as possible for thermal balancing. This means that although localised tempera-
ture gradients will effect transducer accuracy it should be less sensitive to environmental tem-
perature changes. A plot of transducer output and temperature over a 1 hour period is shown in
figure 5.6. It can be seen that although there has been fluctuations of around 0.1kelvin, the trans-
ducer has shown a steady state drift indicating a long term thermal insensitivity.
5.1.3 The variation of surface texture parameters with scan velocity
A change in the surface texture parameters Ra and Rq with the velocity of scan will
represent a dynamic characterisation of the instrument. To assess the variation of dry bearing
noise with sliding velocity, an ultra-smooth spectrosil specimen has been examined at various
feedrates ranging from 0.15 to 2mm/min. A typical plot of both the static and dynamic system
noise is shown in figure 5.7. Trace A is the combined instrument noise and surface texture of and
NPL polished glass specimen. Trace B represents static system noise and is the stylus output
noise with the slideway stationary. This specimen was prepared at NPL and has an R, roughness
between 0.1 and 0.03nm. From these and many other tests it is apparent that dynamic slideway
noise is much less than the static noise (this usually gives psuedo Ra values of 0.05nm or more).
The results from one set of tests are shown in Table 5.1. It is clear that these two parameters are
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invariant over the velocity range. The high values corresponding to the slowest feedrate are a
consequence of examining a "rough" portion of the specimen. This result implies that the bearing
noise is does not change significantly over this velocity range.
The act of increasing the velocity of the carriage will linearly increase the dynamic spectral
bandwidth input to the stylus. For a specimen with a higher roughness value (spatial bandwidth)
higher frequency information will be a significant contribution to the surface texture diagnostics.
In the above analysis an 8Hz low pass analogue filter was used. As well as the electronic filter,
the finite dynamic response of the transducer mechanism will also effect the diagnostic informa-
tion as the scan rate is varied. This implies that short range information will be lost as the velo-
city is increased. To assess this effect, the experiment has been repeated with a SiC flat that had
an I?, and an Rq roughness of approximately 0.5 and 0.8nm respectively. The results from this
test are shown in table 1. The loss of information with increase in velocity can be clearly
observed. The instrument noise level was measured and again was observed to have an "Ra"
value of approximately 0.05nm.
5.1.4 Repeatability
To assess the repeatability of the instrument a 50nun spectrosil flat polished by ICOS has
been measured. This measurement has then been repeated and the two results compared. To avoid
the edge roll-off, only a central 40nun portion of the specimen was examined. Because the digi-
tal sampling of the stylus is taken at intervals of 40m with a positional accuracy of =201.un (at
present), any noise components of wavelength 80p.m or less are not an indication of instrument
error. Two individual measurements of this specimen profile are shown for comparison in figure
5.7. Using cross-correlation techniques, these two signals have been matched positionally and
subtracted to result in the repeatability trace shown in figure 5.9. Apart from the initial
discrepancy that is probably due to thermal shock via manual handling, there is an error of less
than 4nm over 40mm. The two spikes at the beginning of this trace are caused by dust particles
on the surface. The time for each measurement was 8mins. This was the first test to assess the
repeatibility of the slideway motion and an example of more recent tests is shown in figure 5.10.
These are two individual traces over a 5mm portion of a Zerodur polished flat. Clearly, in this
example, a repeatibility of less than mm over this traverse can be observed. Long term ripple has
not been observed.
5.2 Discussion
Although verification is rather difficult, the performance has been shown to satisfy the ini-
tial requirements to a level that we are capable of assessing. The excellent repeatability is an indi-
cation that the wear mechanism is likely to be one of a molecular slip rather than thick (40nm)
film delamination, thermal anisotropy or a phase transition effect. This implies that there are three
distinct wear regimes. These are low wear due to intermolecular slip followed by an intermediate
level resulting from delamination of the surface layer and finally rapid wear caused by the tearing
out of large grains.
This repeatability implies that under well controlled conditions, surface profile measure-
ments can be made with nanometer accuracy. This however does not imply that a rectilinear
motion is being obtained. After polishing the faces of the reference motion were examined with a
Zygo optical interferometer system. The resulting fringe patterns for both sides of two slides are
shown in figure 5.11. The screne diameter corresponds to 275mm of rail and the wavelength of
the light source is 633nm. The carriage can be modelled as a two point contact moving over an
undulating surface. This is shown schematically in figure 5.12. The slideway shape can be
described by the functional relationship
Y = f (x)	 (5.2)
With the carriage positioned at the point x, the hieght of the measuring point yh is given by, (see
fig)
yh= f (x+dtrf (x)	
x) f (x)-1- cos ((f (x+d)—f (x))Id)
	 (5.3)
where
d = carriage length
b = carriage hieght
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s = distance along x-axis to the measuring point
From this equation it can be seen that if f (x) is constant or linear, the carriage height will
be constant relative to the measuring point. A function that is periodic in d will not have any tilt-
ing errors. Assuming a function f (x) of the form Acos (2=11) the y-axis displacement of the car-
riage at the measuring point relative to the starting position x 1 can be calculated. Substituting
values similar to those expected from the interferograms and instrument dimensions of
A=0.00015mm, 1.275mm, d=100nun and b=15mm a plot of the deviation from the x-axis over a
50mm traverse has been computed, see figure 5.13. The third axis represents the carriage start
position. In each traverse the measuring point covers the central 50min of the carriage. From this
figure it can be seen that the apparent curvature can be of either sign depending on the portion of
slideway that is employed although the magnitude of this departure from linearity is in the region
10-30nm. To characterise this fully a reference specimen is required and the position of the car-
riage relative to the slide must be monitored. It is expected that this will be carried out in the
near future.
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Chapter 6: An assessment of the monolithic linear spring and its
application in Scanning Tunneling Microscopy, X-ray Microscopy
and X-ray Interferometer systems
6.0 Introduction
Although a lot of useful information relating the performance to the construction of fabri-
cated leaf type linear spring systems exists, little can be found that extends to monolithic web
type hinges. To this end a number of experimental investigations have been performed. For com-
parison, both feedscrew and electro-magnetic drives have been employed in the experiments.
The results from these tests and the analysis of chapter 2 imply that rectilinear displacement
mechanisms utilizing the above design principles will adequately satisfy the requirements for a
number of precision instruments. The later sections in this chapter describe the use of these
mechanisms in STM/X-ray interferometry and X-ray Microscopy. Particular attention will be
paid to the integration of the linear spring system into a complete STM design.
6.1 Experimentation
The objective of the initial experiments was to translate a number of monolithic web hinge
rectilinear spring configurations and monitor any parasitic errors that May occur. The source of
these errors is also of great interest. A schematic diagram of the experimental procedure is shown
in figure 6.1. The linear spring is firmly attached to the mounting block and driven by a feedscrew
and wobble-pin arrangement similarly held. All of the experiments were performed in a
temperature-controlled laboratory and the results presented are representative of a large number
of tests over a period of about two months. Problems associated with mechanical hysteresis have
been avoided by driving away from the rest position of the springs and keeping stress levels well
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below the yield value. Linear platform displacements were measured by a Hewlett Packard
5526A laser measurement system that had a realisable accuracy of 50nm in stable thermal condi-
tions. Rotations about the three principal axes were measured using a Hilger & Watts simultane-
ous two-dimensional autocollimator. This had a realisable accuracy of 0.5 seconds of arc. The
feedscrew drive was accurate to 0.005mm. The coordinate system for these measurements is
shown in figure 6.1. The depth of the webs (h of equation 2.3) was lOmm for the springs used in
these tests. A discussion of the three types of spring on which these experiments are based can be
found in section 2.2.
6.2 Results
6.2.1 The simple compound monolithic spring
Primary platform rotations (a) and (y), representing yaw and roll, could not be detected over
0.5nrun of traverse. There was, however, a pitch 03) of 3", figure 6.2a. By adjusting the angle and
position of the wobble-pin it was possible to alter or even reverse this rotation. This suggests that
the pitching motion is caused by forces due to errors in parallelism and rectilinearity. An eccen-
tricity of the recess in which the wobble pin is located at the drive will cause the pin to follow a
circular path about the drive axis. This may result in a periodic pitching error. The torsional stiff-
ness of the systems can be increased without altering any of the other design parameters by join-
ing two springs together in the x-y plane at a fixed distance. For monolithic devices this presents
alignment difficulties that are not present in fabricated springs and thus has not been investigated.
The primary/secondary platform displacement ratio, corrected for elastic effects of the drive
mechanism, is around 1.94, figure 6.2b. The variations about this value correspond to an error
standard deviation of 0.33gm in the drive device. This is similar to that quoted in section 6.1.
This ratio error will correspond to a parasitic y-axis error of 5x10-8 over the traverse considered
and is beyond the measurement capability. Variations in y-axis motion were small (=100nm) and
irregular suggesting that external influences (i.e temperature gradients and mechanical vibrations)
are dominant.
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6.2.2  The slaved compound rectilinear spring
Parasitic errors of this mechanism were significantly greater than those observed in the
unconstrained springs. Over a displacement of 0.5mtn a pitch and roll motion of nearly 30" was
measured. A yawing motion of 8.5" was also measured. These large parasitic errors are caused
by a couple introduced by the slaving mechanism itself. The difference between the monolithic
and the more conventional slaving device is the fact that the hinge in the former has stiffness in
the rotation axes whilst the latter only possesses a small and constant angular resistance. With the
mechanism removed, the performance became comparable to that of the unslaved spring.
6.2.3 The double compound monolithic spring
The principle of operation of this device is similar to that of the simple compound spring
and it exhibits a corresponding rectilinearity (figure 6.2). The main increase is in the stiffness and
volume. As with previous devices, there was a slight pitching error that is mainly attributed to
influencing by the drive. Errors in y-axis motion, roll and yaw are not detectable over 0.35rrun of
travel.
Remounting the laser measurement system parallel to the z-axis, parasitic deflections are
again undetectable over 0.3mm of travel. These results could only be obtained after considerable
manual manipulation of the feedscrew drive mechanism, further indicating the limitations of such
a device.
The double compound spring was manufactured on a Kunzmann CNC vertical milling
machine. Measurement of manufacturing errors on this relatively inexpensive machine using the
CSIP universal measuring machine gave typical values of 6=0.02mm and 43x10- 3 for use in
equations (2.8) and (2.9). For worst case conditions with these values, individual hinges could
vary in stiffness by up to 50%. The primary/secondary platform displacement ratio of 1.97 (figure
6.2b) shows the favourable effects of averaging and kinematic overconstraint.
6.3 The electromagnetic translator
Having determined the parametric design considerations for linear elastic springs and drive
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techniques in chapter 2, an electromagnetic drive system was matched to a stage . This stage
(courtesy NPL Teddington) was a low stiffness large traverse design based on folded simple
parallel springs. This provided an opposite extreme to the high stiffness short range drives that
have been amply proved on x-ray interferometers, Bowen et al, 1985. The analysis procedure
was similar to the previous experiment in that drift, out of plane motion and translation have been
monitored using laser interferometry. The coil drive and measurement system were controlled
using a BBC model B microcomputer, IEEE 488 data bus and Bede Minicam interface module.
The graphs of figure 6.3(a-f) are representative of results obtained from these tests. A
magnet/coil force transducer was mounted to form an x-axis drive whilst the y-axis was left to
"free float". The device used a 5mm x 5mm samarium/cobalt magnet positioned along the axis of
a 500 turn coil 12mm long and 6mm internal diameter. This gave a force of 1.6x10- 4 correspond-
ing, with this slide, to a displacement of 5(hun mA -1 . The x-axis drift has been monitored in both
the free mode (no coil current) and with the coil energised, figure 6.3(a & b). Note that the
fluctuations observed are near to the 50mn resolution of the measurement system, so the details of
the curves should not be taken as definitive. Inductive vibration damping can be clearly observed.
The major perturbations in this system occurred in the y direction, figure 6.3(c). This is because it
is the most compliant axis with the least damping. The x-axis motion and y axis drift were moni-
-
tored for input forces corresponding to displacements ranging from 1 to 50 p.m. The y-axis drift
during an x-axis traverse of 41.Lm is shown in figure 6.3(d). This is similar to graphs obtained for
free drift and thus is not significantly influenced to the measurement resolution. The x-axis
motions under different forces are shown in figures 6.3(e & f). Figure .6.3(e) is an initial uncali-
brated motion of approximately 5.41.1m and 6.3(f) is a 31.1m calibrated translation. The linearity of
x-axis translation is excellent and departures could not be detected over a 501.1m translation,
which also includes contributions to the errors from the electronics. Whilst the coil/magnet con-
tains some damping it is clearly necessary to design a stiff drive to minimise errors induced by
vibration. However, figures 6.3(a - f) show that biasing influences of the electromagnetic drive
are undetectable at system resolution whereas they were a serious problem with the feedscrew
and wobble-pin arrangement
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The force on the magnet at the optimum position ( usually with the magnet positioned such
that its centriod is coincident with the end of the coil) can be obtained from solutions to equations
2.25 to 2.32. The general characteristics of this magnet and solenoid transducer are shown in
figure 6.4(a and b). This shows graphs of the field and force between magnet and solenoid along
the axis from the centroid of the coil. It is clear from figure 6.4b) that as long as the magnet is
positioned close to the end of the coil, the force will remain constant even if small fluctuations in
the this position do occur. This demonstrates the important property that the drive force is
independent of dimensional stability.
6.4 The design applications of linear spring systems
6.4.1 An X-ray Microscope XY specimen stage
As mentioned in chapter 1, to obtain an x-ray microscope image, the specimen must be ras-
ter scanned in the focal region. A scan range of 1001.un is required with parasitic deviations of
less than lOnni. It is clear from previous discussions that this requirement can be satisfied using
the linear spring systems of the above analysis. For this purpose, an experimental aluminium XY
stage, based on the folded notch type simple spring, was produced. This is driven by an elec-
tromagnetic pusher via a computer and 16-bit digital to analogue converter (DAC) giving a range
to resolution of 1 part in 65,536. This will adequately satisfy the design specification. The design
parameters for the complete system have been calculated using the computer program of Appen-
dix B. The stiffness of the stage in each individual axis is 1.3x10 4/s//m and a lowest natural fre-
quency of =100Hz is predicted. In accordance with the the analysis of section 2.5, all the follow-
ing coils for these devices have geometry factors (a, and fl.) of 2.0 and 1.0 respectively. The coil
consists of 1500 turns of copper wire and has an internal radius of 6mm. The magnet is a
samarium/cobalt rod, lOmm diameter by 5mm long. For a remanence value of 1.08Tesla a mag-
netic moment of =4.23x10-7 is calculated from equation (2.30). This will give a force constant K1
of 2.47N/A. For an input power of 2.8W, an displacement range of 10311m has been calculated.
The required voltage of 14v is obtained from a precision power amplifier capable of up to 30v.
Because this is a trial stage and will be operating at relatively low velocities, a dynamic analysis
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has not been carried out.
6.4.2  The design of a combined Scanning Tunnelling Microscope and X-ray Interferometer
instrument
6.4.2.1 The specimen translation mechanism
The philosophy of having an XY raster scan for the specimen and following by a servo sys-
tem in the Z plane has been adopted in this design. To fully utilise the resolution of the tunnelling
probe, an accuracy and stability of <0.05nm over a range of 1011m is required. Over a range of
0.11.im this criterion has been adequately satisfied using a monolithic parallel spring manufactured
from single crystal silicon, Hart, 1968. The use of this material has the two distinct advantages of
favourable material properties and the ability to form an x-ray interferometer. A diagram of the
XY stage is shown in figure 6.4. This stage is again based on the folded simple parallel spring
arrangement with leaf type springs. The electromagnetic drive is identical to that used with the
x-ray microscope. The stiffness of these springs is 2.37x105 which will correspond to a displace-
ment of =14nm/rnA. The depth of these springs is lOmm. A fundamental mode natural frequency
of approximately 400Hz has been calculated.
The dynamic characteristics of the raster scan can be computed from equations (2.46 -
-
2.49). A voltage ramp of lv/s has been applied to the coil, figure 6.6, resulting in a displacement
of 200nm, figure 6.7. The plots of figure 6.8(a & b) are the inherent dynamic errors that will
result from an open loop system using current and voltage respectively as a monitor of position.
The values for the inductance and the critical damping factor that have been used are 0.024h and
0.03. It can be seen that parasitic errors of less than 0.2nm transient and 0.01m steady state are
encountered for this fast rate of 1 scan per second and the relatively large scan distance. The
stresses incurred by the platform support legs are plotted in figure 6.9. These are an order of mag-
nitude within the safe stresses assumed for flawed silicon, Lawn, 1981. A stress concentration
factor of 1 has been used for this calculation as obtained from Peterson, 1977.
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6.4.2.2 Probe control
The probe displacement spring is shown in figure 6.10. This has three interferometer blades
as a part of the monolithic structure. The analyser blade is in the line of action of the force trans-
ducer and the probe. This will enable secondary monitoring of probe position to an accuracy of
lOpm or less. The tunnelling probe is made from a lnun diameter tungsten wire and the sharp tip
is produced by electrochemical etching. This will be described in chapter 7. This is held by an
aluminium holder that is clamped to the z-axis platform, figure 6.11. This mechanism is similar
to that sued for securing the leads in a common drawing compass. Because of the reduced mass
of this stage, a fundamental frequency of =550Hz has been calculated. This spring is bonded to
the x-y stage in a perpendicular plane to form the complete x-y-z mechanism, figure 6.12. The
bonding of silicon is discussed in section 7.6.
The probe is required to follow the surface contour and be thus capable of dynamically
reproducing displacement patterns of unknown characteristic. This very linear system can be
analysed using simple control theories.
The servo system for probe control is represented schematically in figure 6.13. The change
in probe/specimen separation during traverse is monitored as a change in the tunnelling current.
-
This current is amplified logarithmically to give an output of =1v/decade giving a sensitivity of
=1x1010v/m. This output is fed through a power amplifier to the coil/magnet/spring system with a
unity gain, steady state sensitivity of =1x10- 3m/v. A control theory representation is shown in
figure 6.14. The stability of the system can be determined by the Routh-Hurwitz criterion and, for
this system, is governed by the relationship
[ 2c (0nRc2K 1 1C 2<LM - 2--+4c 24+2c eV
Substituting values into this equation it is found that the gain can be increased three orders
of magnitude before instability begins. A Nyquist plot of the system transfer function is plotted
in figure 6.15. The phase angle/frequency relationship for this system is shown in figure 6.16.
The design parameters are; L=0.024h, m=0.02kg, con =3456rad/s, c=0.1, X=2.37x105, Rc=69.40.
For example, to restrict phase shifts to less than 10 degrees it will be necessary to operate at
(6.1)
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frequences of less than 80Hz. A 90 degree shift occurs at a frequency of around 500Hz.
6.4.2.3 Specimen positioning
Specimen position is obtained by moving a sliding platform towards the probe using a dif-
ferential micrometer. This is driven by a 200 step stepper motor and gearbox arrangement, figure
6.17. The gearbox has a ratio of 60:1 giving a displacement of :--4.2nm/step. Having obtained a
tunnelling current, the micrometer is withdrawn from the platform and the specimen is main-
tained in position by a friction grip. This grip is similar to that used for the transducer mount in
Nanosurf 2 which displayed a stability of <7run/hr. It consists of an aluminium rod inside of a
tube of similar material. The friction force is supplied by PTFE that is sprung between the two
surfaces, figure 6.18. Material interface separation is maintained by a layer of high vacuum
grease.
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Chapter 7: The manufacture of the combined Scanning Tunneling
Microscope and X-ray Interferometer
7.0 Introduction
This chapter will describe some of the novel techniques that are required for the production
of various components within the combined STM/X-ray interferometer system. The following
sections will include; large scale shaping of single crystal silicon, manufacture of the tungsten
STM probe and the bonding of silicon. Because of the implications of machining processes in
this material, particular attention will be paid to the current speculations on mechanisms of the
various bulk removal processes. Some experimental results of grinding this material with small
diameter, high speed, diamond end mills will be presented.
7.1 An overview of mechanisms for the manufacture of large; complex shapes in brittle
materials
As described in the previous chapter, the main x-y-z stage for the STM is a three dimen-
sional spring manufactured from single crystal silicon. This material is both extremely hard and
brittle and does not lend itself readily to those processes commonly used in a traditional engineer-
ing workshop. It has, however, been successfully diamond turned with subsurface damage less
than a few microns in depth, Gani et al, 1984. It is also unusual for a glass workshop to produce
shapes that are both complex and may involve reentrant angles. To create these shapes, a purpose
built machining station had to be developed. Firstly, a material removal process had to be
identified. The three considerations were
Etching
Polishing
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Grinding
7.1.1  Etching
Etching is a standard process for the removal of surface damage after rough grinding opera-
tions. A standard isotropic etchant is HNO 3, HF and H 20 with or without HC 2H30 2. A mixture
of 1 part in 20 of 40%11F in 90%HNO 3 is likely to give an etch rate of approximately 4m/min at
300k and will produce a smooth surface, Schwartz and Robbins, 1976. This is an exothermic pro-
cess and thus it is necessary to maintain this temperature by continuous intermittent quenching in
clean water for optimum results. Because the removal rate is temperature dependent, it is difficult
to maintain consistent results and in experiments this could vary from 4-81.un under apparently
similar conditions. Measurement and control of temperature is not practical for a component hav-
ing complex shapes and varying thermal capacitance over its geometry. This is further compli-
cated by the rather hostile and toxic environment. Using some anisotropic etchants, such as KOH,
mechanical devices have been produced using masking techniques similar to those of the silicon
integrated circuit industry, Petersen, 1982. The devices are only in a region of mm's to fractions
of a mm and this process is, as yet, unsuitable for manufacture of components having dimensions
,
in the region of centimetres.
7.1.2 Polishing and/or grinding
The common distinction between grinding and polishing is that, for brittle materials, the
former is considered to be a fracture process whilst the later is thought to involve a certain degree
of plastic flow, Preston, 1920. The phenomena of the polishing of glass has received a consider-
able amount of attention over the years and a fairly comprehensive viewpoint on the process is
beginning to develop. This suggests that the surface becomes liquid due to a combined
chemical/mechanical effect, allowing the surface molecules to flow quite readily, Brown, 1987.
This flowed surface layer has been recognised for many years and was first postulated in 1909
and is known as the "Beilby" layer, Beilby, 1909. It is possible that a similar process will occur
with Si although it would be expected that the flowed layer would be very much smaller. It can be
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noted that after polishing it is necessary to subject semiconductors to a final etch before deposit-
ing masks and forming integrated circuits.
The act of polishing must, by definition, break atomic bonds and thus create a temporarily
ionised state. Clearly from this simplified outlook, chemical effects will be expected to play a
role in the material removal process. Brown suggests that there is both a softening of the surface
by tensile strain induced hydrolysis and an increase in the surface reaction due to compressive
strain, Nogami, 1984. Both stress conditions are likely to occur over the period of a particle
traverse. Another consequence of this surface chemical interaction is that there will be extensive
penetration of hydrogen ions required to maintain charge equilibrium. These protons will impose
a tensile strain in the glass and thus increase its fracture sensitivity. Thus it can be seen that there
is a key role played by the interaction between the liquid and the stress regime imposed by the
particulates. Although water has the desired effect of enhancing surface flow, it will also cause
hydrogen embrittlement. It is also apparent that for this process to take place coplanar with the
surface, adhesion and thus friction between surface and machine tool must occur.
The plasticisation of Si has been investigated and there is evidence to suggest that softening
does occur as a diffusion process, Cutherell, 1979. In these studies a 2mm ball was pressed onto a
number of materials, including Si, with a load of 1500g and rotated at a speed of lOrpm. It is
shown that ductile flow did occur after long duration in an aprotic fluid (CCL 4) whilst a predom-
inantly brittle wear mechanism occurred with hydrogen bearing fluids (H 20). This process
appeared to be diffusion dependent and full plasticity occurred only after approximately a 1 hr
soak in the fluid. This effect varied for different materials but it was observed that "silicon exhi-
bits one of the largest observed hydrogen dependent changes in mechanical properties". The dril-
ling speed and loads that were used are very different than that encountered during drilling or pol-
ishing and can only be viewed as evidence of a chemomechanical softening and hydrogen embrit-
dement. Grinding may produce a similar effect if localised thermal changes increase the surface
permeation rate.
Grinding is a dynamic process that may influence the elastic coefficient or because of these
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high strain rates induce regelation. The surface speeds encountered in a typical grinding operation
will be in the region v = 1-100m/s. If we consider that the tool will encounter the material, adhere
to it and then proceed to distort the surface, then the strain rate will be dependent upon the dis-
tance into the material at which displacements will occur (5). The depth of distortion can be
expected to be in the region of the depth of damage that is normally observed, =1-30gm, Gani et
al, 1984. The strain rate (fi. ) is given by
ii = -g-
	 (7.1)
Substituting in the above values gives a strain rate in the region of 3x10 4 to 1x108. These
calculations are not intended as an accurate assessment of the conditions that are expected at
localised areas on a surface during grinding but they do serve to indicate that the dynamic effects
are not insignificant. These high strain rates may lead to adiabatic heating as mentioned previ-
ously and may also effect the dislocation generation processes. A dislocation will exhibit pure
mechanical slip if a stress wave front of sufficiently small wavelength is generated (1-40nm) or
will have to multiply if the rate of stress becomes equal to the speed of sound of the material
(=104m/s for silicon), Cottrell, unknown, Von Kaman and Duwez, 1950. These conditions are
unlikely to occur in the experiments of the proceeding sections.
In the preceding paragraphs it has been assumed that plasticity is an essential property for
the production of a damage free surface. A technique that is commonly used to measure a materi-
als yield strain is the indentation hardness test, Johnson, 1970. This is performed by forcing an
indenter of conical, pyramidal or spherical shape into the surface of a material and analysing the
resulting indentation. This technique was originally developed for the testing of plastic materials
but can be readily adapted for micro-hardness measurements with "brittle" materials, Gane and
Cox, 1970, Pethica, 1983. To this authors knowledge there has not been any attempt to use hard-
ness testing techniques to study the surface characteristics of brittle materials under different
liquids. Such a study may yield useful information about the environment dependence of defor-
mation and fracture of surface and sub surface regions in these solids ( known as the Rebinder-
Westwood effect). A study has been made that shows a reduction in the hardness of both Si and
- 157 -
Ge if a current is passed through the material for indenter depths of less than 2iun, Westbrook and
Gilman, 1962. The mechanism by which this occurs is uncertain although it may be connected
with the carrier charge associated with dislocations. Neither current time dependence or polarity
had any influence on this effect.
For higher volume removal rates it is likely that the bulk material properties are of more
significance. The first experiments employing the standard hardness test on brittle materials were
performed on glass, Taylor, 1949. A number of reasons for this plastic flow have since been pos-
tulated, Marsh, 1964, Roesler, 1956. The effect of adiabatic heating was observed to give errone-
ous hardness figures due to the large thermoelastic coefficient and low thermal conductivity. For
the relatively slow hardness tests the favourable properties of silicon, mentioned in chapter 2, will
tend to preclude this effect. Another distortion mechanism common to a number of glasses is
densification, Ernsberger, 1968. This indicates that large compressible distortions may occur
although this is contradicted by a piling up of material observed around hardness indentations.
Additional mechanisms are the rate dependent viscous deformations and dislocation movement in
the crystalline regions. All of these can occur in a purely plastic distortion or may accompany
brittle fracture. This will require an additional term for internal energy in the Griffiths energy
balance equation. These mechanisms and probably many others combine to produce a microplas-
ticity that is comparable to that of ductile metals. Joos, 1958, has shown a curly swarf produced
by sliding a diamond stylus across a glass surface. This could only occur in a plastic material.
Tabor, 1951, has shown that for a wide range of plastic materials the ratio of the hardness
(H) to the yield stress (a' ) is constant and approximately equal to 3. However, for materials hav-
ing a high yield stain, a different law relating these parameters has been derived independently
by Marsh, 1964, and Perrott, 1977. This relationship is given by
H 
=A + BinZ (GPa)	 (7.2)
ay
The value Z is related to the yield stress, elastic modulus (E) and the indenter geometry. A and B
are constants. This has been found to accurately predict the hardness of a wide variety of materi-
als. For a Vickers pyramidal indenter it has been found that A=0.07, B=0.6 and Z=E/cry , Johnson,
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1970. Pethica, 1983, has shown quite conclusively that a purely plastic indentation does occur for
penetration depths less than limn. He also notes that silicon undergoes an aSn phase transforma-
tion at 20GPa which is within the pressures that are likely to have occurred during the hardness
test. From all of the above considerations it is apparent that for very small depths of cut (<111m) it
is reasonable to expect a significant degree of ductile behaviour, even in the most brittle of
materials. This is indeed the philosophy of current research into the new "ductile machining"
technologies, Puttick et al, 1979, Miyashita, 1982.
Having established the finite degree of plasticity in silicon under certain conditions it is
important to identify the brittle fracture mechanisms that occur due to the stresses that are likely
to be generated during a grinding process . To do this, it is necessary to look at the stress patterns
produced by a distortion of the surface. The grit indentation geometries are going to be either
pointed or curved corresponding to sharp new grits and worn cutters respectively. The wear of
diamond will be discussed in a later section. The stress distribution under a point contact is
known as a "Boussinesq" field, Lawn and Swain, 1975. This calculates a tensile stress contour
extending into the surface in a hoop that is parallel to the axis of indentation with the circumfer-
ence passing through the point of contact. From this analysis it is predicted that a penny shaped
crack will form below the surface of indentation. However, because of the point contact, an
infinite pressure is predicted. This cannot be sustained and a finite amount of deformation must
take place. Once formed, this penny shaped crack, known as a median vent, will expand upon
further loading. Removing this indenter will allow this crack to close but not heal. Healing
would only occur if the surface free energy created during fracture were equal to the relaxation of
elastic (as opposed to plastic, viscous, dislocation dissipation etc..) internal energy and in the
absence of environmental, thermal or chemical effects. The plastically deformed zone will then
create a near surface tensile stress that will initiate circumferential cracking perpendicular to the
indenter axis. Upon further removal of the load this crack, known as a lateral vent, will grow and
may eventually break through to the surface, creating a familiar oyster shell shaped chip. This
sequence of events is shown schematically in figure 7.1 and an excellent scanning electron micro-
graph of this phenomena can be found in Lawn and Swain, 1975. These vents extend well into the
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region that is assumed to undergo a plastic distortion and the size of the cracks is measured in the
region of tens of micrometers to millimeters. Using the Griffith fracture hypotheses, it has been
shown that for large cracks sizes the ratio of load to crack size is constant, Lawn and Swain,
1975. The load at which cracks will begin is not yet possible to calculate because there is no
knowledge of the flaw size created by this "plastic" region. A number of people have examined
silicon for the onset of cracking and can usually detect cracks at a load of 5-30gms, Puttick et al,
1979, Lankford and Davidson, 1979, and Lawn et al, 1981. Having once formed, these cracks are
likely to be atomically sharp with a drastic degradation in the strength of the material, Lawn et al,
1980. This will also leave residual stresses in the material that are related to the indenter load
(P), crack length (c) and a material indenter geometry factor (xr) by the equation
Kr =X, r - -773-
C
Where Kr is the residual stress intensity factor. It must be noted that Perrott, 1977, presents an
analysis of crack formation in the plastic zone (Palmqvist cracks) of tougher ceramic materials
that could be relevant to this problem.
The stress distribution under an area contact can be computed by either integrating the
Boussinesq field or using Hertzian analysis. This results in the familiar "Hertzian" field. This is
markedly different to the Boussinesq field in that there is no tensile stress component in the
region immediately below the indenter. The highest tensile stress (a.) is calculated at the edge of
the contact zone. This stress can be calculated from the well known equations
Gm = 1 _ 2v) 2 P	 (7.4)
3_ 4 1cPr
a	
(7.5)
-T E
k = -?-6-[(1 - v2)+0 - VnE E]	 (7.6)
where E, E', v and v' are the modulus and Poissons ratio of specimen and indenter respec-
tively, r is the indenter radius and a is the contact radius. This gives rise to circular ring cracking
just outside of the circle of contact and parallel to the indenter axis. Upon further loading, this
crack will move into the surface forming a truncated cone. The dimensions of this cone have been
measured, in glass, under different loads and the results used to calculate the surface tension,
(7.3)
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Roesler, 1956. It was also found that the crack angle is independent of indenter radius and the
cone base diameter (s) is related to the load (P) by the equation
7,73- n = constant	 (7.7)
The base diameter could be readily measured in glass using a travelling microscope. It was
found that n=1.57x10-2 and the cone half angle was 68°30'. An excellent photograph of cone
cracking in fused silica can be found in the paper of Benbow, 1960. A principal stress trajectory
in this Hertzian field is also a cone of half angle =68°, Frank and Lawn, 1967. Thus it is assumed
that the crack will follow a principle stress trajectory as long as sharp deviations in direction do
not occur. This is because cracks are known to exhibit a psuedo-inertia causing them to swing
wide around any sudden change. The onset of cracking has been found to be a constant ratio of
the load and radius of indenter. This is known as Auerbach's law and remains consistent over a
wide range of indenter radii. For larger radii this law breaks down and the crack initiation thres-
hold becomes proportional to the square of the radius. This effect has been found to begin in glass
at a radius of approximately 2cm. The initiation and growth of cracks under a spherical indenter
is analysed in the paper of Frank and Lawn, 1967. From this analysis, the upper limit to which
Auerbach's law remains valid is given by the equation
ri, = 66[*) c?2
	(7.8)
where cy is the flaw size and y is the surface tension. Putting the values E=1.9x10'1N/m2,
r2.5 irm k=2/3 and c1 =l0 6 a limit on the indenter radius r. of 1 mm is obtained. This is the
limit at which the load tolerance is likely to increase in the presence of flaws of approximately
11.tm. In the grinding process these contact forces will also be sliding across the surface. The
stress field created by a sliding circular contact has been solved by Hamilton and Goodman,
1966. This analysis indicates that the greatest tensile stress a„, will occur at the trailing edge of
the contact zone and can be calculated from the equation
am = (1+15.511)(1.4.—v)--T	 (7.9)
where u is the coefficient of friction. From equation (7.9) it can be seen that the coefficient
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of friction will have a large effect on the stress encountered by the surface. An introduction of a
coefficient of 0.5 will increase the stress approximately eight fold. It was also shown previously
that polishing processes must and will involve adhesion so that frictional forces may even be
higher than this value. It is also noted that this frictional stress may also influence the damage
induced by stylus measuring techniques. The stress at the leading edge is similarly reduced by a
friction increase. This makes it less likely that a crack will propagate around the full circumfer-
ence giving rise to a series of half moon shaped cracks following an indenter as it is drawn across
a surface. Excellent examples of this phenomena can be found in the papers of Preston, 1922, and
Lawn and Wilshaw, 1975. This analysis forms the basis of an analytical study into the initiation
and propagation of cracks due to a sliding contact, Lawn, 1967. Also, material properties are
probably not the same at the surface as they are in the bulk. He predicts that the ratio of the load
required to produce a crack (Pa) with a sliding contact to that required in the static case (P0 ) is,
within the realms of Auerbach's law, given by
P 	 k(y/E)1/2r 
—=53x10-3	 (7.10)
r	 (1—v2)1/2(1-2v)(1+15.51.0311c /312
Where If can be obtained from Lawn, 1967. The outcome of this analysis is to show that for
small radius indenters the crack initiation threshold can be reduced by a factor of 100 for even a
low coefficient of friction =0.1.
Because silicon can be single crystal, it is expected that some anisotropy will result. The act
of abrading this material in different orientations has been assessed by Puttick and Shahid, 1977.
Even under loads of 3gms and less the scraping of a Vickers pyramidal indenter across the sur-
face of silicon was found to induce dislocation densities of =10 10mm-2. No evidence was found for
cracking at loads of 3 and 5gms. For higher loads ( 50-100gms) the scratches induced predom-
inantly brittle fracture. It was also found that the extent of the fracture was also anisotropic. These
results were obtained using TEM, SEM and x-ray topographic techniques. During scratching, no
measurements of the frictional forces were made. However, frictional anisotropies in other
materials have been measured, Seal, 1958, Bowden and Brookes, 1966, and Bowden and
Hanwell, 1966. In these studies, loads in the range 10-1000gms were employed with a varying
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radii of indenter. In all cases frictional anisotropy was found to increase with the load and reduc-
tion in indenter radius. If the anisotropy is due to ploughing, then in view of Auerbach's law this
result would be expected. At low loads anisotropy was undetectable whilst at higher fracture
thresholds this value could vary by up to 300%. Sliding speeds were low in comparison to those
expected during grinding. Examination of some wear tracks frequently revealed the familiar half
moon cracking with foci in the direction of traverse. Ploughing forces were calculated to be
greater than the yield strength of the respective crystals.
If minimal surface cracking is required, then it is clear that sharp fixed abrasives are least
desirable. Thus it is better to blunt the grits before use. Because of the large directional variation
in wear rate for diamond (up to 500:1) under certain conditions, cutting scrap material or dressing
is unlikely to create smooth asperities and may even result in sharpening favourably oriented
grits. A reasonably isotropic wear rate is found to exist at during high speed cutting (=20-30m/s)
and/or under water based coolants, Seal, 1958 and 1967. Under these conditions, carbon like
powders (dry wear) waxy deposits have been found. This would again imply a chemomechanical
and/or thermal effect (diamond exhibits rapid burning at =-800°c and a rapid graphitization at
=1000°c). Thus it would be expected that a heavy cut at high speeds would both remove and
smooth sharp asperities and this will be shown in a later section.
7.2 Experimentation
The equipment that is used for grinding complex shapes in silicon has been chosen for its
flexibility. It comprises a Bridgeport series 1 CNC vertical milling machine and NSK Planet air
turbine high speed spindles. The diamond speed pins attached to these spindles were of two
varieties. These differed in the type of bond and the shank material on which the diamonds are
deposited. They shall be distinguished as type A and type B. The type A pins are mounted on to a
steel mandrel with the diamond grits held in place by a nickel bond. In both cases the grit size
could be specified. The type B pins are mounted onto a tungsten carbide mandrel with the grits
moulded onto the shank in the form of a paste of high tin bronze (up to 90% Sn). Because of the
depth of the grits these wheels can be dressed. The shank and grinding head diameters were
—cos-1(1-8/rp)_1_
tm
0.) (7.11)
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chosen to be 3znm. The standard grit size is 100gm although a fine grit of 40gm has been
assessed.
It is important to note that this procedure differs in a number of ways from that of conven-
tional grinding processes. The most common silicon grinding process is that of sawing into
wafers using large diameter cutting wheels, Meek and Huffstutler, 1969. As the wafer is being
removed from the boule, it is exposed in a manner analogous to a cantilever beam. Any vibration,
hydrodynamic effects and/or vibrations will cause cracking and large dislocation build up. This
is related to the amount of time that the wheel is in contact with the wafer and thus the feedrate.
So in these processes the faster the feed the better. In the case of side cutting with an end mill, it
is more likely that the greatest stresses will be those incurred by the cutting action. The effects of
vibration will be attenuated in proportion to the stiffness of the system. The air turbines are
mounted in roller bearings and the stiffness is proportional to the cube root of the load. This
preloading is a part of the bearing manufacture. The stiffness of the speed pins for a given
geometry is dependent on the material. An increase in stiffness of 300% would be expected with
a transition from steel to tungsten carbide. The machine stiffness is fixed but may be ignored if
the resonant frequency is low and the inertias are high. Another difference is that the grits are
likely to be in contact with the material for a very short time period. For a speed pin of radius (rp)
rotating at an angular speed (co [rad/s]), the maximum time (tm ) that an individual grit will be in
contact with the surface is given by
where 8 is the depth of cut and 4 is the proportion of the circumference in contact with the sur-
face. Inserting values of E0.1, rp=1.5nun and (.18400 gives a contact time of 44ps. This is also
very different to the diamond turning of silicon assessed by Gani et al, 1984. The depth of cut per
grit per pass is approximately the product of the feedrate and contact time (t„,). For a feedrate of
0.1nunis and the the above contact time, the depth of cut becomes =4.4nm. In reality this is
likely to be a lot higher due to vibrations, eccentricities, etc..
In these following experiments a number of assessment techniques were employed to exam-
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ine the surfaces formed during grinding. Both the scanning electron microscope and optical
microscopy have been used to visually examine any features. The more quantifyable methods are
stylus and x-ray rocking curve techniques. A number of difficulties arise in the use of conven-
tional stylus techniques for the assessment of surface damage. The main problem is that of the
surface contour of the cutter. This is superimposed on the machined surface and will be conven-
tionally measured as the surface finish. This value does not necessarily relate to the surface dam-
age and gives a heavily anisotropic value. The degree of anisotropy was variable and was found
to range from 2:1 to 16:1. Although this effect may be related to surface damage for a given pro-
cess, this has not been pursued. The strength degrading mechanism for brittle materials is dom-
inated by micro-cracking and internal stresses ( due to plastic distortion, Rehbinder-Westwood
effects or the Twyman effect). Microcracks are not detectable if they have considerably less root
radius and slope than the stylus itself and this is in general the case for brittle materials. The rock-
ing curve technique is related to surface and sub-surface strains. This operates by diffracting x-
rays at the surface at the appropriate Bragg angle. Braggs law states that for a given x-ray
wavelength, there is only one angle at which diffraction will occur for a given crystal orientation.
If lattice strains are present, this diffraction angle will effectively blur and vary over a range of
rotation. Thus by rocking the surface about this angle a diffraction intensity curve can be
recorded. The full width of this curve at half height maximum (FWHM) is used as a monitor of
the amount and depth of surface damage. By etching the surface whilst recording a series of
rocking curves a plot of damage against surface depth can be produced and used to assess the
damage depth. By masking the material and etching away the surrounding surface for a given
time, a step will develop. The resulting step can be measured to determine the etch rate. A typi-
cal measurement of the step produced on an Si(111) surface after a 5min etch in
10%HF/90%HNO 3 for a period of Smins is shown in figure 7.3. From this figure an etch rate of
=41.unin-tin has been calculated.
7.3 Results
An SEM micrograph of a type A tool is shown in figure 7.4. It can be clearly seen that the
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grinding surface consists of large grits having many sharp asperities. After machining with these
tools observations of the surface indicate a predominantly brittle removal process with a depth of
damage measured to be in the region 10-40tun. The findings from these experiments indicate that
the depth of damage, as measured using rocking curve methods, is reduced by both an increase in
the density and a reduction in the size of the grits. An optical micrograph of a ground silicon
(111) surface using a fine grade (=100j.un), 3mm diameter spindle rotating at 89000rpm is shown
in figure 7.5(a). The estimated depth of damage for this specimen was =15).un. After the etching
process, the surface has been reexamined under an optical microscope. Preston, 1922, has shown
that, for glass, etch pits will originate from flaws in the surface. From the optical micrograph of
figure 7.5(b), a regular array of linear hollows are clearly observed. These would be expected for
the half moon shaped cracks or median vents predicted in the previous section. The etch depth
may have removed some useful information.
Because of the high stiffness, thick matrix and small grit size (=40-1001.un) of the type B
tools, less damage is expected during the grinding process in this case. An SEM micrograph of a
3mm used tool is shown in figure 7.6(a). After considerable heavy cutting the diamond grits will
become worn with removal of the sharp asperities. Both SEM and optical micrographs of the
worn surface are shown in figure 7.6(1) and c). This surface comprises worn diamonds that are
flush to the surface. The micrograph of figure 7.6(c) reveals a site where a grit has been com-
pletely removed from the tool due to high forces encountered during the grinding process or poor
keying/adhesion. This implies that the wear process is mainly isotropic and thus a thermal or
chemical effect, Seal, 1967. This 3mm cutter has been used to grind the face of a Si(111) surface
at a feedrate of 15mm/min with a depth of cut of 0.02nun and at a rotational speed of 89000rpm.
From equation (7.11) this corresponds to a removal rate of 5000pm 2/s and 17nm/cut. The surfaces
produced by this cutter, with the same cutting conditions, in both the as new and worn state are
shown in the micrographs of figure 7.7(a,b and c). It can be clearly seen that a transition from
brittle fracture to a smoother finish does in fact occur with the possible appearance of plastic flow
in the latter case. A closer look at these two surfaces using the SEM highlights the differences.
Figure 7.8(a) shows a typical brittle failure crack according to the model of figure 7.1. This shows
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a characteristic lateral vent with pitting in the central region of the indenter (grit) contact. Adja-
cent to this region is a smoother region characteristic of plastic or ductile machining. Figure
7.8(b) shows a portion of the smooth surface having a similar magnification. No brittle failure can
be observed although some pitting or tearing can be seen that indicates strong adhesion a thus a
high friction coefficient The surface finish values across the machining marks and along the
grains have a ratio of =16:1. The rocking half width for this specimen is approximately 70secs of
arc. This is between 50% to 30% of the value usually measured for a ground Si surface. The rock-
ing curve for this specimen and for the same crystal orientation (111) ground with a fine grade
type A tool are shown in figure 7.9. The count rate on the y-axis being in arbitrary units. The lat-
tice strains are thus considerably less in the smooth machine surface. This specimen has then
been etch and the FWHM plotted as a function of the depth of surface removed, figure 7.10. This
curve indicates an almost complete recovery from the strained condition after the first 21.im have
been removed. Additionally, the etched surface shows no evidence of the perpendicular pits that
could be observed in the previous specimens.
The influence of the stress distribution between the grinding wheel and surface has been
shown to greatly influence effect the surface damage and possibly even the removal mechanism
itself. This implies that a quasi ductile machining mechanism can be obtained for relatively large
depths of cut to those normally employed, Miyashita, 1982. The possibility that this is due to a
thermal softening under high contact friction conditions is backed up by the isotropic wear of the
diamond grits. However, it is unlikely to occur during the very small contact time and with the
high conductivity of silicon. This would favour a chemical effect This technique can clearly pro-
duce smooth surfaces requiring little etching to create mechanically useful devices of almost arbi-
trary complexity.
7.4 The manufacture of STM tungsten probes
A variety of techniques have been successfully used to produce tunnelling probes. Early
probes were ground or simply cut with engineers snips from a lmm diameter wire. Because of the
ragged surface produced by this process, a single sharp asperity becomes likely and it is this that
- 167 -
forms the tip. There is considerable doubt that the same asperity is in operation when these are
used to scan rough surfaces. Later tips have been electrochemically etched in a KOH solution to
produce a better defined tip and thus avoid the above problem, Dragoset et al, 1986. Tips having
asperities of atomic dimensions can be produced by field evaporation and monitoring this with a
field ion microscope, Yuk and Silverman, 1986. It has recently been shown that reliable probes
can be manufactured by electrochemically etching followed by ion beam milling, Biegelsen et al,
1987. The etching process consists of a carbon anode placed in a 1N KOH solution. The tungsten
cathode is placed in the solution with all but a lmm wide band covered by an insulator, see figure
7.12(a). An electrode is applied to the top of the W rod and a current pulse is applied. When the
exposed band of the rod has eroded through, the lower portion of the rod will drop to the bottom
of the container and the etching process will cease. An SEM micrograph of a probe produced by
this process is shown in figure 7.13. This probe has been produced by applying a 50Hz, 25mA
square wave with an electrode potential of =1.8v. For this configuration an effective resistance of
=60S2 has been measured across the electrodes. There is a slight increase with frequency (-5O2 at
0Hz to =80C2 at 500Hz) although there is difficulty in measuring accurately due to the formation
of bubbles around the W probe causing considerable noise. This etching process will produce an
oxide layer (W0 3) surrounding the tip. This can be removed by rotating the tip under an ion
beam. Figure 7.14 shows an SEM micrograph of the same tip after machining for 60rnins in an
argon ion beam with an energy of lkV and a current density of =1.5mA/cm 2. This process shows
little sharpening of the tips at any angle of beam incidence ( positive or negative) and enhance-
ment of the reliability is considered to be caused by contaminant removal.
7.5 The bonding of silicon
To create a three dimensional translation using silicon spring mechanisms requires the
bonding of the z-axis stage perpendicular to the x-y stage. Three methods of achieving this have
been considered. These are
1. Optical wringing
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2. Direct bonding
3. Anodic bonding
7.5.1 Optical wringing
This process is often used with glass optics to obtain a very strong and stable bond. The
usual procedure is to polish the two surfaces flat to =1/10-1/50A.,. The two surfaces are then
cleaned and contacted. This contacting is performed by applying a considerable manual force
whilst the interface thickness is observed as a change in the colour of the diffracted light. This
process is undesirable due to the opaqueness of silicon in visible light and the possibility of
damaging the springs during application of high contacting forces. It is also unknown to this
author whether the above flatness can be achieved with silicon.
7.5.2 Silicon-silicon direct bonding
In this method the mating interface is initially created by the formation of silanol (Si-OH)
groups. This is achieved by polishing the two faces to be mated followed by cleaning in a hydro-
gen peroxide, sulphuric acid mixture (H20,.—H2$04) and dipped in a dilute HF solution. A hydro-
philic layer is then created by an H2SO 4 soak. Following a water rinse or exposure to vapor, the
two surfaces are then brought into contact. This results in a bond without any applied pressure
and has been measured in the range 2-5kg/cm 2, Shimbo et al, 1986. It was found that subsequent
heating in a nitrogen ambient to 1273K for =1 hr increases this strength up to =100-200kg/cm 2.
The postulated mechanism resulting in such a bond is shown in figure 7.15. The initial contact
causes the formation of the silanol interface. Heating will then induce a condensation reaction
leaving the Si-O-Si interface. Finally diffusion of the oxygen into the bulk of the material results
in a Si-Si bond, Shimbo et al, 1986. Similar results has been obtained for thin oxidized wafers
contacted and heated in a steam ambient to.=930 celcius, Kimura et al, 1983.
7.5.3 Anodic bonding
An alternative to the direct bonding method is that of anodic bonding. In this process a thin
insulating layer ( 1-5gm) is formed on the surfaces to be bonded. This layer is usually sputtered
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borosilicate glass or a thermally grown oxide. After contacting the surfaces are heated and a
potential of 30-50v applied across the insulating barrier. This results in electrostatic forces creat-
ing a better contact as well as enhancing any thermochemical effects. Although Brooks et al,
1972, were able to obtain hermetic seals with furnace temperatures of less than 500c, this could
not be reproduced by Anthony, 1985. In this paper the optimum bonding conditions for a two
micron Si0 2 isolating layer were at furnace temperatures and applied voltages in the range
850-950°c and 30-50v respectively. For this process, a flatness considerably better than the thick-
ness of the isolating layer is required if the surfaces are not to be subjected to distorting forces
during bonding.
7.5.4 Experimentation
To examine the above bonding methods, four silicon blocks were lapped and polished.
These were in the form of discs of approximately 100mm diameter and 18nun thickness. The pol-
ishing of these large blocks was carried out by an initial optical finish diamond lap followed by a
"Syton" polish on a polyurethane bed. There were no checks on the flatness of the surfaces and
thus it must be assumed that form errors are similar to those encountered with a standard optical
,
polished. These form errors are usually in the region of 1 micron for this size of disc. The optical
finish diamond lap was carried out at NPL. This then had to be transported to Monsanto Indus-
tries Limited (Milton Keynes), where Syton polishing on a polyurethane mat completed the pro-
cess. The use of a polyurethane mat precludes any control of the flatness of the surface being
generated. Because the production equipment used in the polishing of wafers for integrated cir-
cuits was not compatible with thick discs, polishing was carried out on a Logitech 400. Each disc
face was polished for half an hour. The subsequent surface finish was examined using a Talystep
and was estimated to have a roughness (R,,) value of around 1-2nm.
From the discussion in section 7.6.1 that the form errors due to this uncontrolled polish pre-
clude any optical wringing. Thus the direct bonding method has been tested. First the polished
discs were cleaned in a 1,1,3 solution of H 2504, H202 and H 20 for 15 minutes. These were then
dipped in a 1,9 solution of HF and H 20 for 15 minutes followed by a one and a quarter hour soak
-
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in H2SO 4. Finally the surfaces were given a distilled water rinse and manually contacted. Two
sets of specimen were then placed in a furnace that had been preheated to 1000°c and left for an
hour. After this treatment it was found that only one specimen pair could sustain a force. Upon
soaking the specimen in an HF solution the bond failed. This implies that the bonding was
predominantly an oxide fusion.
It is thought that the processes of both direct and anodic bonding require a high degree of
conformity if they are to be successful. In the case of a wafer, this is provided by the very high
degree of polishing and its large compliance. Thus it is considered that form errors of less than a
tenth of a fringe and sub nanometre surface finish values are required to enhance the feasibility of
further testing. These two parameters can only be manipulated at the required level by an
improved finishing process. The generation of super-flat, polished silicon blocks may be achiev-
able using pitch polishing technologies. This has not, as yet, been attempted.
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Figure 7.6:The tin-bonded diamond end mitt
a)SEM micrograph (x23.6)
b)SEM micrograph (x146)'
doptical micrograph (x240)
Figure 7.7:Si(111) surfaces as ground by a high
speed diamond end-mill
a)new tool
b)worn tool
Figure 78:Si(111) ground surfaces
a)brittle fracture surface
b)smooth surface
c)opticat micrograph of (b) overleaf (x200)
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Chapter 8: Current status of the combined Scanning Tunnelling
Microscope/X-ray interferometer system
8.0 Introduction
A complete STM system has been designed that operates on the principles described in
chapter 6. A full evaluation of the limitations of such a system are beyond the scope of the work
presented in this . thesis and constitute a rather extensive research project. In this chapter some
preliminary experimentation and a theoretical analysis of the initial results will be described. A
labelled photograph of this system is shown in figure 8.1 and is described fully in chapter 6. A
photograph of the auxiliary electronic monitoring and control is shown in figure 8.2. The method
of control has been represented schematically in figure 8.3. This outlines the various interfacing
such as the analogue to digital converters for computer control, power amplifiers for the coil
drives, a sensitive current amplifier for monitoring tip currents and a logarithmic amplifier to
linearise the control loop. All of these components are under the direct control of an IBM PC
microcomputer. This controls the rest of the system via a Metrabyte Dash 16 and a Bede Mini-
cam interface board. Because of its high speed, the Dash 16 is used to control the probe displace-
ments and micrometer drive motor as well as monitoring the tunnelling current. The DAC range
of this board is 0-5v and thus a differential amplifier and power amplifier have been used to con-
vert this to -5 to 5v. Having a bipolar output allows both forward and reverse motor control and
effectively doubles the probe displacement range. The specimen is advanced at a speed of
=15tun/s, although a wide range of approach speeds can be employed. Upon the monitoring of a
tunnelling current, the probe is retracted and the micrometer drive reversed. The required
response time of =-.50ms can be easily achieved by the software and probe spring. Reversing of the
micrometer serves to completely decouple this hardware from the scanning system. This decou-
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piing is represented as a switch in figure 8.3. The x and y-axis drives are controlled by a Bede
Minicam 4-channel DAC via an RS232 serial interface. This has bipolar output that simply
requires power amplification to the drive coils. All of these DAC's are 12 bit giving a range reso-
lution of 4000-1. A 16 bit DAC and power amplifier having monotonic accuracy has been
manufactured and tested to extend this range.
The tunnelling current is amplified and converted to a voltage signal by two M117 FET
transistors connected as a long tailed pair to the virtual earth of a standard 741 voltage amplifier.
This output voltage is then fed into an Analogue Devices 755N logarithmic amplifier. This
amplifier was kindly supplied by The National Physical Laboratory, Teddington.
8.1 Calibration
This section presents the calibration of the electronic and mechanical components. The
ohmic tunnelling junction has been simulated using fixed value resistors. The settings that are
referred to in this section relate directly to the numbers indicated on the front panel dials.
8.1.1 Three dimensional coil drive stage
The voltage delivered to the coil drives from the power amplifiers due to a given digital out-
put have been monitored with a Phillips PM2519 digital voltmeter. The voltages for a single step
requirement in the three axes were found to be vx =7.7mv/step, vy=1.4mv/step and
v2 =1.36mv/step. From the analyses of section 2.3, the stiffnesses (X) of the springs in the three
axes have been calculated to have the values Xy=5.63x105N/m, =8.02x105 N/m and
X,=2.37x105N/m. The electromagnetic drives for all three configurations are all the same and have
a value for the force constant (K) of 2.84N/A. Resistances have been added to these coils such
that Ry =1200, Rx=275C2 and R2 =1630. The output displacement (5) for a unit DAC step is given
by
5, =-5y =5, =T./vI,- =0.1 nmIstep	 (8.1)
The values for K and X are dependent upon the geometry of the coil and spring arrangement. The
displacement per unit step can be readily altered by varying the resistance (R) or amplifying the
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DAC step voltage (v).
8.1.2 The logarithmic amplifier
The overall amplifier consists of three stages. These are the tip voltage supply, the current
voltage amplifier and the logarithmic amplifying stage. The tip supply voltage is set via a ten turn
helicoil potentiometer with the choice of polarity being set by a switch. A graph of the tip voltage
as a function of the potentiometer setting over the range 0-0.3 is shown in figure 8.4. This voltage
was found to be rather uncertain at the lowest settings.
The current amplifier has a number of gain settings. This has presently been used only with
preset gain that corresponds to the zero setting on the gain potentiometer. The voltage output
from this amplifier for a given input current has been calibrated by connecting the tip supply vol-
tage to the current amplifier via a number of different resistances. The voltage output from the
amplifier as a function of input current was found to closely follow the equation
vc,„t =0.047 I (nA )	 (v)	 (8.2)
The output from the current amplifier passes into a logarithmic amplifier. This has an offset
facility that allows an output voltage to be referenced to a particular input voltage. The offset set-
ting for a required input current (/„q) can be calculated from the approximate equation
off set =2.54 — 0.070/req (nA) (1<off set <2)	 (8.3)
This setting is that at which a zero output voltage is obtained at a given current into the initial
amplification stage and acts as the reference tunnelling current.
Connecting a resistor across the tip supply to the current amplifier can be used as a calibra-
tion method. Using a ten mega-ohm resistor, a current range of approximately 10 to 75nA can be
generated. A graph of the output voltage against the input current for the complete amplification
system is shown in figure 8.5(a). This graph shows the transfer characteristics with a unity offset.
Replotting these points with a logarithmic abscissa does not produce a straight line as expected
for the amplifier, figure 8.5(b).
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8.1.3 Micrometer advance calibration
The discrete action of the stepper motor drive was found to produce unacceptable vibrations
in the microscope. The amplitude of this vibration was large enough to be sensed with the hand
and the motor action was clearly audible. Consequently, this has been replaced by a geared DC
motor and servo control unit. The angular speed of the motor drive system has been calibrated by
timing a number of revolutions of the coupling for a specific voltage applied to the servo-control
unit. The gearbox and micrometer were also connected during this calibration. The output angular
velocity (oz.,) was linearly related to the input voltage over the range 0.5 to 5rpm and can be
determined from the equation
wow =2.7vi„ (rpm)	 (8.4)
The micrometer advance velocity in microns per minute for the gearing of this rig is 5/6 of the
angular velocity in revolutions per minute.
8.1.4  Verification of probe axis displacement
To verify that the displacements specified by the DAC output correspond to those predicted
by the theory, z-axis displacements have been monitored by a Talysurf 5 stylus measurement sys-
tem. The stylus was contacted onto the piece of aluminium that normally houses the tunnelling
probe. A potential of 1 v was applied to the coil magnet force transducer and the stylus output vol-
tage measured by a Schlumberger DVM. Drift problems and an excessively large measurement
loop restricted the measurement accuracy to probably no better than 20-30%. The accuracy of the
stylus may also introduce further errors. Repeated trials implied a motion of approximately 50nm.
The calculated value of 73nm is outside of the specified accuracy although the added stiffness of
the stylus system imply a conservative estimate. This exercise, although imprecise, confirms the
displacements predicted from the theory of chapter 2.
8.2 Preliminary experimental results
8.2.1 Experimental method
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The complete STM system, as described in chapter 6, has been manufactured and is
mounted on a vibration isolated table inside a lead lined, wooden cabinet, Bowen et al, 1985.
Vibration isolation is carried out by two stages. The complete instrument is mounted onto a con-
crete block that is supported by an airspring suspension. This servo controlled system has a fun-
damental frequency of less than 1Hz and is overdamped for large amplitude vibration. The work-
ing stage of the instrument is mounted onto an optical bench that is filled with sand and is further
isolated against higher frequency vibrations by three viton of thermal perturbations and airborne
noise. Cable connections are made via the concrete block to the cabinet. The specimen consisted
of a piece of polished silicon 4mm by 4mm by lmm, having a thin sputtered layer of gold on its
surface. The probe has been electrochemically etched and ion-beam milled as described in section
7.5.
8.2.2 Results
An initial experiment has been conducted to establish the feasibility of this mechanism for
STM analysis. The specimen was positioned close to the probe by monitoring the amplifier out-
put whilst advancing the micrometer. Upon measuring a small current, both the probe and
micrometer were retracted. Repeating this procedure a number of times under computer control
enabled the probe to maintain a current with the micrometer retracted clear from the specimen
mounting stage. An offset of 1.35 was found to null the amplifier output. This corresponds to a
junction current of approximately 17nA with a tip potential of 122mv.
The output from the logarithmic amplifier was then monitored with the probe incremented
backwards and forwards in a linear path. A plot of the amplifier output voltage as a function of
the calculated probe displacement is shown in figure 8.6. It can be seen from this figure that the
motion far exceeds that which would normally be expected to be due to the tunnelling mechan-
ism. The fact that the curve is approximately linear implies that the junction current is exponen-
tially related to the probe displacement. This is characteristic of tunnelling mechanisms. The
mechanism encountered in this instance may well be a consequence of contact with the specimen
as described by Coombs and Pethica, 1985.
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At this point in the study, the ADC circuit used in this experiment behaved erratically. All
subsequent measurements of amplifier voltages have been obtained using a Phillips PM2516.
The amplifier output voltage has been monitored as the tip potential has been varied. This is
shown in figure 8.7. The amplifier output voltage against a linearly changing input current is
expected to exhibit a logarithmic characteristic for a purely ohmic junction. Correcting the raw
data of figure 8.7(a) for the true tip potential and plotting this with a logart/unic abscissa results in
the graph of figure 8.7(b). Although this curve is not linear, it does have a similar form to that of
figure 8.5(b). This implies that there is an ohmic junction between the tip and sample. The resis-
tance of this junction has been calculated to be approximately 6Mi2. Upon completion of these
experiments the probe was manually contacted with the specimen a resistance of approximately
10ohms was measured across the input and output leads.
Finally, a plot of the z-axis input required to maintain a constant amplifier output voltage as
the specimen was scanned in the x-direction has been plotted in figure 8.8. The profile has been
produced by manually inputing coil values and observing the output voltage on the DVM. This
output voltage could be maintained at level of around 15mv. This corresponds to the background
noise level. This plot was produced in approximately twenty minutes. A number of move and
return settings were performed and it was found that the variance of the displacement value
applied to the probe coil corresponded to approximately 0.4nm.
The effect on the instrument of people entering the room and speaking outside of the
cabinet was not detectable. This implies a very low noise susceptibility under the conditions pre-
vailing in this experiment. Upon completion of the tests, opening and closing the cabinet resulted
in a marked shift and the specimen moved outside of its displacement range.
8.3 Discussion
These results pose a number of questions as to the nature of the tip-surface interface
throughout this experiment. The most obvious question is whether the tip is actually in contact
with the surface and if so what is the nature of the interface. From the graph of figure 8.6, it can
be seen that a force has been applied to the z-axis linear spring that would correspond to a free
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motion of 100nm. The apparent probe to specimen separation characteristic does however have
an exponential relationship as predicted by tunnelling theory. The force required for this motion
is approximately 20mN. Although this is the force experienced by the linear spring mechanism, it
is not necessarily transmitted to the specimen surface. This will depend on the overall measure-
ment loop stiffness. This has not been quantified as yet. From the work of Dung et al, 1986, a
high junction stiffness of say 50N/m cannot possibly support this force.
This phenomena of contacting the specimen whilst maintaining a tunnelling characteristic
has been an issue since the very first STM work and apparently continues to this day, Pethica,
1986. This mechanism whereby tunnelling occurs around in intermediate particle or through a
crack in a surface oxide is discussed on page 12. The low noise and excellent repeatability shown
in figures 8.6-8.8 are also characteristic of this mechanism. That an ohmic junction having an
exponential dependence upon apparent separation has been shown to be not only a function of the
tip-sample properties but also the mechanical fidelity of the measurement system. The advantage
with this particular system is that, because of its open loop linear characteristics, any inconsisten-
cies with the theoretical predictions can be identified. This may prove to be of primary impor-
tance in the complete evaluation of scanning tunnelling microscopy for surface physics and
metrological applications.
8.4 Summary and further work
In this thesis the design and assessment of linear elastic and polymeric displacement
mechanisms for use as a reference motion has been presented in chapters 2 and 3. Analysis of a
polymeric bearing slideway system has been shown to exhibit repeatabilities of a few nanometres
or less over motions of around 40mm. More recent investigations have demonstrated that better
performance figures are achievable.The estimated slideway noise is better than 50pm.This system
has, as yet, a lateral resolution of 50i.un. Results from the investigation of the polymeric slideway
system were used in the design and development of a stylus based measuring instrument called
Nanosurf 2. The design and evaluation of this instrument is presented in chapters 4 and 5 respec-
tively. The design and manufacture of a novel STM system based on linear spring mechanisms
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and an electromagnetic force transducer are presented in chapters 6 and 7. It has been shown that
the elastic displacement devices can control rectilinear displacements having parasitic errors of
better than 1 part in 10,000. The accuracy of this displacement can be controlled in open loop
fashion and the range resolution ratio is mainly a function of the electronic drive. This range reso-
lution ratio has been shown to be unimpaired at a resolution of better than lOpm if single crystal
silicon is used for the elastic members. An analysis of the electromagnetic force transducer and
optimisation of its performance is presented in chapter 2. Analyses of both of the reference
motion configurations indicate that consistent operation may be expected at the sub-nanometre
level. It is expected that a dedicated experimental analysis procedure having enhanced measure-
ment resolution will be required to establish the dimensional fidelity of both of these systems.
In chapter 7 a manufacturing technique for the production of intricate shapes such as the
linear elastic spring mechanisms has been presented. In the process of generating these shapes in
this material, a number of methods have been identified that have the potential for the generation
of smooth surfaces having low surface damage as assessed using x-ray diffraction techniques.
Further characterisation of this process will be useful for the understanding of the "ductile" or
"gentle" grinding of this very useful semiconductor material. The ability both to directly bond sil-
icon and to machine it into intricate shapes will lead to the possibility of producing large, quasi-
monolithic silicon crystal components. These would be able to exploit the stable and predictable
mechanical, electronic and thermal properties of this material. To verify the feasibility of this
idea, the direct water bonding of very high quality bulk silicon flats in a well defined environment
must be examined.
This final chapter has outlined the preliminary investigations into a novel STM system.
Although imaging has not yet been achieved, the instrument has been shown to produce repeat-
able motion having nanometre resolution: Because of its linear characteristic, it is able to diag-
nose tip-specimen contact and any departures from theoretical expectations. Having produced this
instrument it is recomended that an assessment program be developed with a view to quantifying
the mechanical and electronic characteristics of this instrument and developing it as a future com-
plement to existing systems.
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Appendix A: The Etching Of "Zerodur" With HFIHCIIH20
Concentrates
1. Introduction
As modern technologies have developed, there has arisen the awareness of a need for minia-
turisation in the production of many components and devices. This will invariably require the
development of measurement systems of ever increasing resolution, accuracy and thus stability.
One material that promises to suit this requirement is the ultra low expansivity glass ceramic
"Zerodur", Otto & Lindig,.1985. This can have a room temperature linear expansion coefficient
of 5x10-8/K.
The mechanical applications for this hard, brittle material are mainly limited by insufficient
machine tools and the prohibitively high labour costs that are incurred in the process of forming
complex shapes. Glass workshops are traditionally concerned with the generation of flat or
curved geometries of excellent form and finish but restricted to optical applications. Engineering
workshops, on the other hand, are restricted to machining relatively soft and ductile materials.
Presently, glass components are "roughed" out using a grinding or lapping system. These
surfaces contain a high density of cracks and locked-in stress concentrations. This can induce
additional instabilities caused by relaxation and/or the hydrophillic nature of the surface as well
as reducing the components load resisting capabilities.
In an effort to reduce the labour costs of these components, it is proposed that dimension-
ally non-critical surfaces may be roughed out and subsequent surface and sub-surface damage
removed by a HF or HFIHC11H20 etchant. This report will outline the physical etching charac-
teristics of "Zerodur" with the aforementioned etchant.
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2. Experimental Method
Specimens were produced using the various processes available in the average glass
workshop. These were; slotting, grinding, drilling and polishing. These were then examined by
optical microscope using polarised light to assess surface texture and sub-surface damage.
The specimens were then immersed in two different etchant concentrations and agitated for
a specified period of time. After etching, the specimens were weighed to determine the etch rate
and reexamined under the microscope.
3. Results
The surface texture of both polished and ground specimens have been measured using a
"Talysurf stylus system, figure Al. The surface of ground Zerodur has an nns roughness of 4i.un
whilst that of the polished specimen was undetectable in the sub-micron region with the rather
old equipment that was used. The surface texture of the ground surface is clearly very irregular
with frequency components probably well above the filter characteristic of a stylus tip. Plate Al
shows the edge of a ground specimen after a few days in a normal laboratory atmosphere. Water
retension is clearly visible and can be seen with the naked eye as less opaque regions on the sur-
face.
Sub-surface damage, assessed using a polarimeter, is prominent in holes and slots. Plate
A2(a & b) shows the stress pattern along the side of a hole and around a crack at the root. The
stain at the root was measured as 221.q. This would cause a significant reduction in the stamina (
often referred to as fatigue life) of a component having undergone this process. Internal stresses
were not observed within polished surfaces.
After etching in a dilute solution of liF(40%)/HC1(36%) etchant, the stresses in the region
of the same hole were reassessed. Plate A3(a & b) are views of the same regions as shown in
plate A2 after etching. It can be seen that the crack has etched into a vee groove and the tip has
become considerably blunted. Internal stresses have also reduced to a levels below measurement
resolution. The edge of the hole (Plate A3(b)) shows characteristic concave spherical regions that
give the surface an orange peel appearance.
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Plate A4(a & b) shows two views of the surface of the etched Zerodur. One of the surfaces
is clean A4(a) whilst the other A4(b) has a crazed appearance. This coating is probably the result
of impurities present in the water that was used to dilute the etchant
The average surface grain size is approximately 41.im . It has been found in similar experi-
ments that grain size will increase in an exponentially decaying manner with time, Dyson, 1960.
It can be seen in the Talysurf traces (figure A2) that macro ripple is of the order 50ton (initially
polished region) to 601.1m (initially ground region). Micro ripple is undetectable with the measure-
ment system that was used.
The linear etch rates are listed in Table Al. These were linear over the time period con-
sidered and depend on the initial surface crack density and internal stress levels. The effects of
temperature were not investigated in these experiments but was monitored at a constant 296k.
Finally, similar specimens have been etched in a bath of undiluted HF/HC1 etchant. After a
period of 6mins the surface is as shown in Plate A5. The average grain size for this etchant is
=31.un. The surface also appears clean and free from contamination, thus enhancing the opinion
that impurities in the dilution medium can leave undesirable deposits that are difficult to remove.
The Talysurf plots of figure A3(a & b) indicate a macro ripple of between 10 and 201.4m with a
micro ripple that is again undetectable.
4. Conclusions
The objective of etching Zerodur is to remove the hydrophyllic surface and relieve internal
stresses. The above results indicate that this is so. The resultant surface finish is opaque and looks
similar to that of a dry, ground surface. It is considered that for a good optical transmission, pol-
ishing is the only viable route. However, in some cases (such as holes slots etc..) polishing may
be prohibitively expensive and etching will be the most economical method of improving the life
expectancy of components.
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Appendix B: Computer algorithm to calculate the design parameters
for an electromagnetically driven simple linear spring system
PROGRAM CRUNCH
PROGRAM CRUNCH
This is a general program to compute the design
parameters for an electromagnetically driven
linear spring mechanism. The linear spring can be
either the common leaf spring or the notch type
spring.
A notch type spring can be selected by
assigning a value of 1 to the parameter
labelled NOTCH.
The parameters required by this program for
calculation are modulus of elasticity of the
spring (E), thickness of spring (TH), depth of
spring (DEPTH), length of leaf springs or pitch
of notches (LGTH), mass supported by springs(MASS)
, critical damping factor (C), ratio of radius of
notch to thickness of webb (ROVERT), current
through coil (AMPS), number of coil turns
(TURNS), resistivity of windings matl' (RHO),
inside radius of coil (Al), ratio of outside radius
to inside radius (>1!)(ALPHA), ratio of coil
half length to inside radius (BETA) and the
moment of the magnet to be used (VMOM). The
value of VMOM for small soleniod fields is
given by the product of remanence and volume
of the permanent magnet.
Input character names and assign them to the array V
REAL LAMBDA,LGTH,MASS,K,L,NOTCH,LAMB1,LAMB2
DIMENSION H(0:170),HDOT(170),FNORM(0:170),X(170),V(64)
CHARACTER*6 NAME(24)
EQUIVALENCE(NOTCH,V(1))
EQUIVALENCE(ROVERT,V(2))
EQUIVALENCE(RESIST,V(3))
EQUIVALENCE(E,V(4))
EQUIVALENCE(C,V(5))
EQUIVALENCE(MASS,V(6))
EQUIVALENCE(TH,V(7))
EQUIVALENCE(DEPTH,V(8))
EQUIVALENCE(LGTH,V(9))
EQUIVALENCE(K,V(10))
EQUIVALENCE(AMPS,V(11))
EQUIVALENCE(L,V(12))
EQUIVALENCE(OMEGA,V(13))
EQUIVALENCE(STRESS,V(14))
EQUIVALENCE(DISP,V(15))
EQUIVALENCE(FREQ,V(16))
EQUIVALENCE(LAMBDA,V(17))
EQUIVALENCE(TURNS,V(18))
EQUIVALENCE(A1,V(19))
EQUIVALENCE(ALPHA,V(20))
PROGRAM CRUNCH
EQUIVALENCE(BETA,V(21))
EQUIVALENCE(RHO,V(22))
EQUIVALENCE(POWER,V(23))
EQUIVALENCE(VMOM,V(24))
Give values corresponding to array V
DATA (V(I),I=1,2)/0.0,6.0/
DATA(V(I),I=3,8)/4.0,1.9E11,0.03,0.04,0.002,0.01/
DATA(V(I),I=16,24)/0.0,0.0,2000,0.006,2.0,1.0,17E-9,0.0,4.23E-7/
DATA(V(I),I=9,15)/0.04,1.28,0.2,0.0005,0.0,0.0,0.0/
DATA (NAME(I),I=1,2)/'NOTCH','ROVERT'/
DATA (NAME(I),I=3,8)PRESIST','E','C','MASS','TH','DEPTHI
DATA (NAME(I),I=9,14)PLGTH','K','AMPS','L',10MEGA'
C, 'STRESS'!
DATA (NAME(I),I=15,24)PDISP','FREQ','LAMBDA','TURNS',1A1',
C'ALPHA','BETA','RHO','POWER',1VMOM7
OPEN(6,FILE='NUMOUT',STATUS='MODIFY')
100 DO 10 N=1,8
WRITE(1,5)N,NAME(N),V(N),N+8,NAME(N+8),V(N+8),N+16,
CNAME(N+16),V(N+16)
10	 CONTINUE
Section of program to enable user to change
values, work out design parameters or stop
the program.
WRITE(1,*)
WRITE(1,*)'TO CHANGE A VALUE TYPE NUMBER'
WRITE(1,*)'USE ALL SI UNITS'
WRITE(1,*)'TO RUN PROGRAM TYPE 99'
WRITE(1,*)'T0 STOP PROGRAM TYPE 101'
WRITE(1,*)'T0 LIST VALUES TYPE 777'
WRITE(1,*) 1 TO CHANGE ALL VALUES TYPE NO OF VALUES*100'
WRITE(1,*)
READ(1,*)I
IF (I.EQ.99) GO TO 250
IF (I.EQ.777) GO TO 100
IF (I.EQ.101) GO TO 300
IF (I.GT.24)G0 TO 400
WRITE(1,*)
WRITE(1,*)'PRESENT VALUE OF ',NAME(I), V(I)
WRITE(1,*)'INPUT NEW VALUE'
READ(1,*) V(I)
GO TO 100
400 DO 20 N=1,I/100
WRITE(1,*)'INPUT VALUE OF ',NAME(N)
READ(1,*) V(N)
20	 CONTINUE
GO TO 100
PROGRAM CRUNCH
Program to calculate the system characteristics.
250 CONTINUE
ROOTRT=SQRT(ROVERT)
WRITE(*,*)' OK'
LAMB1=(E*(1.0-NOTCH)*TH**3*DEPTH)/(LGTH**3)
LAMB2=NOTCH*E*DEPTH*TH**2*0.283/(LGTH**2*ROOTRT)
LAMBDA=LAMB1+LAMB2
OMEGA=SQRT(LAMBDA/MASS)
RES=(3.14159*RHO*(ALPHA+1.0))/(A1*0.77*(ALPHA-1.0)*2*BETA)
L=1.0E-6*TURNS**2*A1
RESIST=RES*TURNS**2
POWER=AMPS*AMPS*RESIST
FREQ=OMEGA/(2*3.1429)
This section will compute the force/distance
characteristic for a magnet situated along the
axis of a uniform current density soleniod coil
A=F(ALPHA,BETA)
AL=ALPHA
A2=ALPHA*A1
B =BETA*A1
BE=BETA
H(0)=(TURNS*AMPS*F(AL,BE))/(A1*2*BE*(AL-1.0))
WRITE(*,*)H(0)
FNORM(0)=0.0
DO 17 J=1,170
T=J
P=(Al*T)/57
D=BE+P/A1
IF(P/Al.GT.BE )THEN
EC=P/Al-BE
S=-1.0
ELSE
EC=BE-P/A1
S=1.0
END IF
H(J)=H(0)*((F(AL,D)+S*F(AL,EC))/(2.0*F(AL,BE)))
HDOT(J)=57*(H(J-1)-H(J))/A1
WRITE (*,*)HDOT(J)
FNORM(J)=VMOM*HDOT(J)
X(J)=(T-1.0)/57
IF(FNORM(J).LT.FNORM(J-1))GOTO 18
17 CONTINUE
18 CONTINUE
K is the maximum force current constant for
PROGRAM CRUNCH
this magnet/coil system.
K=FNORM(J-1)/AMPS
STRESS=K*AMPS*3.0*E*TH/(LGTH**2*LAMBDA)
DISP=K*AMPS/LAMBDA
GOTO 100
300 CONTINUE
DO 30 N=1,8
WRITE(6,5)N,NAME(N),V(N),N+8,NAME(N+8),V(N+8),N+16,
CNAME(N+16),V(N+16)
30	 CONTINUE
5	 FORMAT(1X,12,A7,E11.3,8X,I2,A7,E11.3,8X,12,A7,E11.3)
WRITE(6,15)A1,A2,B,TURNS,AMPS,VMOM
15 FORMAT(1X, ' THE INSIDE AND OUTSIDE RADII OF COIL ARE',2X,2F10.4
1,/,' THE HALF LENGTH OF THE COIL IS',F10.4,/,' THE TOTAL NUMBER
1OF TURNS ARE',2X,F7.0,/,' THE CURRENT THROUGH THE COIL IS',2X,
1F10.4,/,' THE FORCE CONSTANT IS',2X,E10.3)
CLOSE (6)
STOP	 S-
END
This function computes the fabry factor for
this geometry of coil.
FUNCTION F(FAL,FBE)
R=SQRT(FAL*FAL+FBE*FBE)
T=1.0+SQRT(1.0+FBE*FBE)
F=FBE*ALOG((FAL+R)/T)
RETURN
END
